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ABSTRACT 
The main objectives of this dissertation were: (i) to evaluate the effect of bromide on the 
formation of N-nitrosodimethylamine (NDMA) in chloraminated waters; (ii) to test different 
active bromine compounds in order to determine if they lead to the direct formation of NDMA as 
a result of reacting with an NDMA precursor; (iii) to develop a kinetic model to predict the 
formation and decomposition of bromochloramine, which is the major product in the reaction of 
monochloramine and bromide; and (iv) to obtain kinetic data for NDMA formation under various 
conditions and determine whether a correlation exists between NDMA formation and 
bromochloramine.   
NDMA formation was found to be enhanced in the presence of bromide when waters containing 
the NDMA precursor dimethylamine (DMA) were treated with monochloramine.  Significant 
enhancement of NDMA formation was observed at high pH (8 – 9) conditions, when the reaction 
kinetics between monochloramine and bromide are sufficiently slow so that oxidant depletion is 
not an important factor.  The hypothesis in the literature that bromamines are the species 
responsible for the enhanced NDMA formation was tested and found to not be valid.  
Additional active bromine species such as hypobromous acid, hypobromite ion, and tribromide 
ion were also tested and found to form relatively low levels of NDMA, two orders of magnitude 
lower than in the experiments with monochloramine and bromide at pH 9.  Kinetic studies of 
the reaction between monochloramine and bromide showed that the main product of reaction is 
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the dihaloamine bromochloramine.  A kinetic model was developed to predict the concentration 
of bromochloramine as a function of reaction time between bromide and monochloramine.  The 
model was used at various water quality conditions to study the correlation between 
bromochloramine concentration and the formation kinetics of NDMA.  The results show that at 
pH 9 when the oxidant concentrations are stable, increasing the bromide ion concentration 
increases both the NDMA and bromochloramine concentrations, in a seemingly proportional 
manner; however, initial rate studies show that bromochloramine does not directly react with the 
NDMA precursor, DMA.   
Overall, this study shows that when monochloramine is used as a disinfectant, bromide removal 
should be practiced in water treatment facilities whose feed waters contain bromide in order to 
minimize the formation of the carcinogen NDMA.  Additionally, since higher pH values lead to 
a higher enhancement of NDMA formation by the presence of bromide, treating waters at lower 
pH values would require a lower level of bromide removal.  Finally, the good agreement 
between experimental data and the predictions of the model developed to describe the kinetics of 
formation and decomposition of bromochloramine indicate that the model can serve as a useful 
tool in the study of systems containing bromide and monochloramine.  
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CHAPTER 1 
INTRODUCTION 
1.1.  Background and Motivation 
N-nitrosodimethylamine (NDMA) is a potent carcinogen and an emerging disinfection byproduct.  
Carcinogenicity studies in a variety of species have shown that the primary sites for the 
development of tumours are the liver and the esophagus, although the bladder, lung, and brain 
may also be susceptible (1, 2).  Chronic exposure to low doses of NDMA provide the optimal 
conditions for tumour formation, with the United States Environmental Protection Agency (US 
EPA) integrated risk information system (IRIS) database providing an estimate of 0.7 ng/L as the 
concentration of NDMA in drinking water that represents a 10-6 lifetime cancer risk for the 
average adult (3).  Acute exposure to NDMA can lead to internal bleeding, kidney effects, and 
death from massive liver necrosis, as was the case in one reported case of NDMA poisoning (4, 
5). 
Prior to the 1990s, concerns regarding NDMA originated from its occurrences in food (e.g. cured 
meat products, fish products), beverages (e.g. beer), and other products (e.g. pesticides, rubber 
products, carpet dyes).  The incidence of NDMA in drinking water was first noted in a 1989 
survey of 145 drinking water treatment plants in Ontario, Canada (6) and in 1998, NDMA was 
detected in a California drinking water well contaminated by rocket fuel (7).  A survey by the 
California Department of Public Health identified NDMA to be a byproduct of water treatment 
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processes such as free chlorine and chloramine disinfection and the use of anion exchange resins 
(8).  As a result, NDMA has become an emerging contaminant of interest in drinking water and 
in the last two decades, research has focused on identifying the precursors, formation 
mechanisms, and removal strategies of NDMA.  While the US EPA has not set regulations for a 
maximum contaminant level (MCL) for NDMA, it has placed NDMA on the Contaminant 
Candidate List 3 (CCL3) for potential regulatory development.  California has also set a 
notification level of 10 ng/L (7).  Under the Unregulated Contaminant Monitoring program, 
occurrence data between 2008-2010 show that NDMA has been detected at an average 
concentration of 9 ng/L for treated drinking waters (9) and almost 25% of public water utilities 
surveyed showed more than 2 ng/L of NDMA (9). 
Studies on the formation of NDMA have shown that while the use of free chlorine produces low 
to not measurable levels of NDMA, the use of chloramines can produce significantly higher 
NDMA levels (1, 10).  Nevertheless, monochloramine is being increasingly used to provide 
residual disinfection in the distribution system while minimizing the formation of regulated 
chlorinated disinfection byproducts, and as a result there is a need to study the formation of 
NDMA in chloraminated waters at different water quality conditions.   
One constituent of natural waters that is of interest is bromide ion.  Bromide can be found in 
drinking water sources due to intrusion of seawater, from industrial activities (e.g., oil field brine 
discharge), and from connate water sources (ancient seawater trapped in the pores of rocks as 
they were formed).  In a study by the American Water Works Association Research Foundation 
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(AWWARF), currently the Water Research Foundation (WRF), led by Valentine and co-workers 
(11), it was demonstrated that the presence of bromide ion in waters containing monochloramine 
resulted in an enhanced formation of NDMA.  This enhancement was attributed to the 
formation of bromamines, which are generally more reactive than chloramines.  However, UV 
spectral data in the literature for the reaction of monochloramine with bromide ion do not show 
the presence of bromamine peaks but rather show the existence of a mixed dihaloamine, 
bromochloramine (12, 13).  As part of this study, the hypothesis that bromamines are 
responsible for the enhanced NDMA formation in the presence of bromide was tested.  The 
potential role that bromochloramine may have in NDMA formation was also investigated. 
1.2. Objectives 
The overall objective of this dissertation was to study the effect of bromide on NDMA formation 
in waters containing monochloramine.  In order to achieve this objective, the following specific 
objectives were: 
• To confirm the effect of bromide ion on NDMA formation in waters containing 
monochloramine at various pH values and bromide ion concentrations 
• To test the effect of bromamines and other active bromine species for their potential to 
form NDMA 
• To develop a kinetic model to predict the concentration of bromochloramine as a function 
of pH, initial monochloramine concentration, and initial bromide ion concentration 
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• To obtain kinetic data of NDMA formation under different pH values and bromide ion 
concentrations and to determine whether the rate of NDMA formation can be correlated 
to the rate of bromochloramine formation 
1.3. Key Contributions to NDMA Formation Mechanisms in Literature 
The detection of NDMA in treated drinking waters, and its absence from their corresponding 
source waters, prompted researchers to investigate the formation pathway of NDMA during 
chlorination.  To date, formation studies have focused on dimethylamine (DMA) as the model 
precursor to NDMA.  Initial studies focused on the nitrosation pathway; however, this 
mechanism required nitrite ion to be present and the rate of formation was very slow at typical 
pH values of water.  Choi and Valentine (10) and Mitch and Sedlak (1) both published work in 
2002 to propose the oxidation of unsymmetrical dimethylhydrazine (UDMH) in the formation 
pathway of NDMA and to show at least an order of magnitude increase in NDMA concentrations 
when monochloramine was used as the oxidant instead of free chlorine.  The incorporation of 
monochloramine to form NDMA was demonstrated by Choi and Valentine who used 
15N-labelled monochloramine in their reaction and observed the formation of 15N-labelled 
NDMA.  The proposed mechanism involved two steps: the reaction of monochloramine with a 
precursor to form the UDMH intermediate – a modification of the Raschig process in literature 
(14), followed by the oxidation of UDMH to form NDMA, as shown in Figure 1.1. 
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Figure 1.1. Proposed UDMH oxidation pathway for the formation of NDMA from 
monochloramine (10). he UDMH oxidation pathway was later modified to include additional steps when (1) 
periments conducted using secondary municipal wastewater effluents with excess ammonia 
owed a greater concentration of NDMA when monochloramine was formed in-situ as oppose
 dosing with preformed monochloramine (15) and (2) the reaction between monochloramine 
d DMA formed at least two orders of magnitude more NDMA than the reaction between 
onochloramine and UDMH (16).  To address the first point, Schreiber and Mitch (15) found
at in-situ formation of monochloramine promoted the formation of dichloramine, which 5 
ssesses a substantially higher NDMA formation potential than that of monochloramine.  The 
tcome of the second experimental observation indicated that UDMH was not an intermediate 
 the conversion of DMA to NDMA.  A new intermediate, chlorinated UDMH (UDMH-Cl), 
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was proposed through a substitution reaction between dichloramine and DMA.  Using this 
modified reaction scheme, Schreiber and Mitch’s model using dichloramine was able to predict 
NDMA formation within a factor of five for various conditions (16).  Although the 
concentration of dichloramine resulting from monochloramine depended strongly on pH and was 
low at higher pH values, the levels were enough to account for nearly all the NDMA formed.  
This was contrasted to the model by Choi and Valentine and the modified version by Yagil and 
Anbar, the original model over-predicted and the modified model under-predicted, by two orders 
of magnitude.  While the Schreiber and Mitch model provided a better estimate of NDMA 
formation, the exact mechanism has yet to be proven.  The intermediate, chlorinated UDMH, 
formed through the reaction scheme has not yet been isolated, although attempts were made 
using LC-MS.  Also missing are comparisons of NDMA production when dichloramine is 
reacted with DMA versus with chlorinated UDMH, to support the claim that chlorinated UDMH 
is an intermediate. 
Up to this point, the formation mechanism had not resolved the incorporation of oxygen to form 
the nitroso group and Schreiber and Mitch (16) tested to see whether the oxygen originated from 
dissolved oxygen or from water.  An increase in dissolved oxygen concentration, up to 0.3 mM, 
was found to increase NDMA formation, and the hypothesis was that dissolved oxygen acted as 
the oxidant to convert the chlorinated UDMH intermediate into NDMA.  An additional 
experiment where dichloramine was reacted with DMA in 18O-labelled water did not produce 
18O-labelled NDMA, supporting the role of dissolved oxygen (and not water) in the reaction 
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mechanism.  However, the incorporation of dissolved oxygen into the intermediate is not yet 
proven.  Structural calculations suggested the N-Cl bond in the chlorinated UDMH intermediate 
would be susceptible to oxygen incorporation, although examination of the electron 
configurations of molecular oxygen and chlorinated UDMH showed that a spin-forbidden 
reaction would need to be overcome (16).  The authors point out that literature has shown 
certain spin-forbidden interactions can occur; however such occurrence for the reaction of 
interest has yet to be proven.  The modified mechanism, which is now generally accepted as the 
pathway to form NDMA, includes dichloramine and dissolved oxygen as shown in Figure 1.2.  
 
1.4. Thesis Organization 
This thesis is organized into six chapters and three appendices.  Chapters 1, 5, and 6 correspond 
to the present introduction, conclusions, and future work, respectively.  Chapters 2, 3, and 4 are 
 
 
Figure 1.2. Pathway for the reaction of dichloramine and DMA to form NDMA via a 
chlorinated UDMH intermediate (16). 
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briefly described below: 
• Chapter 2:  A simplified kinetic model is developed to predict the formation and 
decomposition of bromochloramine as a function of initial monochloramine and bromide 
ion concentrations, and solution pH.   
• Chapter 3:  Bromamines, as well as other active bromine species, are tested to determine 
their involvement in the enhanced NDMA formation observed at relatively high pH (8 – 
9).  
• Chapter 4:  The kinetics of NDMA formation across a range of pH values and bromide 
ion concentrations are presented.  The kinetic model developed in Chapter 2 provides 
simulated concentrations of several bromine-containing compounds which are used to 
determine if any correlations exist with NDMA formation. 
Appendices A.1., B.1., and C.1 present the Supporting Information referenced in the main texts 
of Chapters 2, 3, and 4, respectively.  The remaining sections of the appendices show the 
unprocessed UV absorbance spectra and their corresponding oxidant concentrations after 
analysis. 
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CHAPTER 2 
KINETICS OF BROMOCHLORAMINE FORMATION AND DECOMPOSITION 
Abstract - Batch experiments were performed to study the kinetics of formation and 
decomposition of bromochloramine, resulting from the reaction of monochloramine and bromide 
ion.  The effects of pH (6-8), bromide concentration, monochloramine concentration, 
ammonia-to-chlorine ratio, phosphate buffer concentration, and mixing were evaluated.  A 
simplified reaction scheme involving one formation reaction and six decomposition reactions for 
bromochloramine, along with two decomposition reactions for bromamines, was found to be 
consistent with the experimental results.  The model was able to provide predictions in good 
agreement with the experimental data under most conditions, with a lower degree of accuracy 
achieved at low pH values and when high monochloramine concentrations were combined with 
low bromide concentrations.  
 
Keywords:  bromochloramine, monochloramine, bromide, kinetics, model 
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2.1. Introduction 
Monochloramine is a disinfectant that is being increasingly used as many water utilities in the 
United States seek to reduce the formation of regulated disinfection by-products (DBPs) in order 
to meet the standards set by the Stage 2 Disinfectants and Disinfection Byproduct Rule (1).  
One constituent of natural waters is bromide ion, whose presence can affect the formation of 
DBPs by altering the distribution of chlorinated vs brominated DBPs or by enhancing the 
formation of DBPs such as N-nitrosodimethylamine (NDMA) (2, 3), a potent carcinogen and an 
emerging contaminant of interest in drinking water.  Valentine and co-workers (2) showed that 
the addition of bromide to waters containing monochloramine resulted in an increased formation 
of NDMA, and they hypothesized that it was due to the presence of bromamines.  However, UV 
spectral data in the literature for the reaction of monochloramine and bromide ion do not show 
absorbance peaks corresponding to bromamine compounds, but rather show the formation of a 
mixed dihaloamine, bromochloramine (4).  The possibility that bromochloramine is responsible 
for the enhanced formation of NDMA observed by Valentine et al. would be consistent with the 
work of Schreiber and Mitch (5), where it was demonstrated that the dihaloamine, dichloramine, 
has a higher NDMA formation potential than the corresponding monohaloamine, 
monochloramine.    
Bromochloramine was first identified by Trofe et al. (4) based on the absorbance spectrum of the 
ether extract of a solution of monochloramine and bromide ion.  This was later confirmed by 
membrane introduction mass spectrometry (MIMS) by Gazda et al. (6).  The formation 
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pathway of bromochloramine proposed by Trofe et al. involved a series of three steps as shown 
in Equations 2.1-2.3: 
 (2.1) 
(2.2) 
(2.3) 
with the rate law for monochloramine decay shown in Equation 2.4 
(2.4) 
  
The empirical rate constant, k, for the overall reaction was monitored through the decay of 
monochloramine and a reported value of (2.8±0.3)×106 M-2s-1 was obtained through experiments 
run in 10% salinity waters at an ionic strength of 0.2 M and 25°C.   
This reaction mechanism for the formation of bromochloramine has generally been accepted and 
cited; however, Gazda proposed in unpublished studies (7) an alternative formation mechanism 
based on studies (8-10) that showed that the formation of NH3Cl+ (Equation 2.1) could occur 
only by specific acid catalysis (H+).  In order to account for the general-acid (HA) catalysis 
observed, proton transfer would have to occur in a transition state that contained NH2Cl, Br-, and 
HA and would result in the formation of bromine chloride.  The alternative mechanism is 
shown in Equations 2.5-2.7, and while it corresponds to the same overall reaction as that 
proposed by Trofe et al., the reaction progresses via a general-acid assisted Cl+ transfer, with the 
resulting rate law given in Equation 2.8. 
 
++ ↔+ ClNHHClNH 32
]H][Br][ClNH[
]ClNH[
2
2 +−−= k
dt
d
−+−+ +→+ ClBrNHBrClNH 33
++ +→+ 432 NHNHBrClBrNHClNH
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(2.5) 
  
 
(2.6) 
  
 
(2.7) 
 
 
(2.8) 
 
Based on kinetic experiments run at an ionic strength of 0.5 M and in which the decay of 
monochloramine was monitored, the initial observed rate constants, kH and kH2PO4, were found to 
be (8.87±0.40)×104 M-2s-1 and 0.278±0.043 M-2s-1, respectively.  After adjusting for differences 
in ionic strength, and using the rate expression given in Equation 2.8, the comparable value for k 
as determined by Trofe at an ionic strength of 0.5 M would be 1.1 × 106 M-2s-1, which shows a 
discrepancy of an order of magnitude from Gazda’s kH value of 8.87±0.4 × 104 M-2s-1.   
The decomposition of bromochloramine has not been as thoroughly studied with limited attempts 
to model its pathway.  Gazda (7) proposed a 4-step process, with the rate determining step, as 
shown in Equation 2.9, a Cl+ transfer step between bromochloramine and bromide ion to form 
monobromamine and bromine chloride and an additional decomposition reaction as shown in 
Equation 2.10. 
(2.9) 
 
  (2.10) 
 
No overall rate law was given by Gazda, although an adequate fit to one experimental data set 
−− ++→++ ABrClNHBrClNHHA 32
5k
]Br][ClNH])[POH[]H[(2
]ClNH[
242POHH
2
42
−−+ +−= kk
dt
d
BrClBrNHHBrNHBrCl 2
9
+→++ +−
k
+− ++→+ HBrNHBrClBrClNH
fast
22
−− +↔+ ClBrBrBrCl 2
fast
O3H2BrClNNHBrClNH3OH 2222
10
+++→++ −−−
k
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was achieved through trial and error, using values of 7×105 M-2s-1 and 50 M-1s-1 for k9 and k10, 
respectively.  There was no data available to evaluate whether this model would be able to 
predict the concentration profiles of monochloramine and bromochloramine at different 
conditions. 
Due to the differences in the formation rate constant reported by Trofe and Gazda, as well as the 
limited data available for the decomposition of bromochloramine and the verification of the 
model proposed by Gazda (7), there is a need to:  (1) further investigate the kinetics of 
bromochloramine formation and decomposition; and (2) propose a possible reaction scheme that 
can be used to predict bromochloramine concentration as a function of time.  Accordingly, 
experiments were performed to study the effect of pH, initial reactant concentrations, and 
phosphate buffer concentration on the reaction of monochloramine and bromide.   
2.2. Materials and Methods 
2.2.1. Experimental Setup 
Distilled deionized water was used for all experiments.  Bromochloramine formation and 
decomposition experiments were performed in a 500 mL amber batch reactor immersed in a 
constant temperature water bath set at 25°C.  Monochloramine solutions were prepared as 
described elsewhere (11) by slowly adding diluted stock sodium hypochlorite (5.65-6% Sigma 
Aldrich, St Louis, MO) to excess ammonium chloride in phosphate buffer at pH ~9 under rapid 
mixing and allowed to equilibrate to 25°C for 30 minutes.  The pH was adjusted to the target 
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value with HClO4 and NaOH addition and using an Accumet pH/ATC electrode (Fisher 
Scientific, Pittsburgh, PA) immediately before the start of each experiment.  An equal volume 
of bromide solution already at the target pH and temperature was added to the reactor to initiate 
the experiment.  Magnetic stirring was used for the duration of the experiment (typically 6 
hours) and the ionic strength was controlled using NaClO4.  Prior to bromide addition, a sample 
was taken to determine the initial monochloramine concentration ([NH2Cl]0), and changes in 
concentration were monitored by taking 2 mL samples throughout the experiment and analyzing 
them by UV spectrophotometry.  UV-vis spectra were obtained using a Shimadzu UV-2401 PC 
scanning UV-vis spectrophotometer (Columbia, MD) and absorbance values at wavelengths for 
monochloramine, bromochloramine, and dichloramine measurements were used for analysis.  
Wavelength and molar absorptivity values used are given in Table 2.1 and the concentrations 
were determined by simultaneously solving the system of Beer’s Law equations at each 
wavelength of interest.   
Table 2.1.  Molar absorptivities for species of interest 
 λ = 243 nm λ = 294 nm λ = 320 nm 
    
NH2Cl 457 a 15 a 7 a 
NHCl2 235 a 282 a 125 a 
NHBrCl 500 b 145 b 195 b 
    
a Molar absorptivity values obtained in this study by comparing UV data to concentration data 
obtained by the DPD titration method (12).  For comparison, literature values are ε243nm, NH2Cl = 
461 (8) and ε294nm, NHCl2 = 272 (8). 
b Values obtained from aqueous spectra of bromochloramine isolated by Gazda (7).  In literature, 
estimates of molar absorptivity have been made based on the values of dichloramine and 
dibromamine.  Literature gives the estimated ε245nm, NHBrCl = 712 (17) and ε320nm, NHBrCl = 300 
(17). 
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The method of mixing was evaluated to determine whether different oxidants would form under 
different rates of mixing.  An RX.2000 rapid mixing stopped-flow unit (Applied Photophysics, 
United Kingdom) was used to compare the kinetics obtained with that resulting from relatively 
slow rate of mixing in the batch reactor.  The stopped-flow unit was set up to allow for 
near-instantaneous mixing of equal volumes of monochloramine and sodium bromide solutions 
and allowed for data collection every 8 s, thus making it comparable to the T-mixer or 
pulsed-accelerated flow system used by Gazda (7).   
2.2.2. Experimental Matrix 
Experiments performed to study the kinetics of bromochloramine formation and decomposition 
are listed in Table 2.2.  Initial experiments were conducted to assess the molar absorptivity 
values of monochloramine and dichloramine at the target wavelengths for the given system by 
determining their concentrations using the DPD titration method (12).  Formation and 
decomposition experiments were conducted to test the effect of pH (6-8), the concentrations of 
bromide ion (1-10 mM), total phosphate (5-50 mM), total ammonia (0.01-10 mM), and the initial 
concentration of monochloramine (0.1-1 mM). 
2.3. Results and Discussion 
2.3.1. Empirical Rate Constant for Bromochloramine Formation 
Experimental results obtained to assess the effect of phosphate on the rate of monochloramine 
decay (dM/dt) are presented in Figure 2.1 at the conditions of pH = 7, 25°C, [NH2Cl]0 = 0.2 mM, 
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Table 2.2.  Summary of experiments (T = 23.7 ± 1°C) 
 
      
Exp # 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
  pH 
CT,PO4 
(mM) 
CT,NH3 
(mM) 
µ               
(M) 
Exp kobs    
(hr-1) 
      
Effect of pH      
1 0.21 1.00 8.01 10 0.20 0.10 -0.0374 
2 0.21 1.00 7.73 10 0.20 0.10 -0.0677 
3 0.21 1.00 7.49 10 0.21 0.10 -0.112 
4 0.20 1.00 7.22 10 0.21 0.10 -0.209 
5 0.21 1.00 7.00 10 0.21 0.10 -0.362 
6 0.21 1.00 6.72 10 0.21 0.10 -0.600 
7 0.20 1.00 6.47 10 0.21 0.10 -0.927 
8 0.21 1.00 6.24 10 0.20 0.10 -1.60 
9 0.20 1.00 5.99 10 0.20 0.10 -2.75 
        
Effect of bromide      
5 0.21 1.00 7.00 10 0.21 0.10 -0.362 
10 0.20 2.03 6.96 10 0.20 0.10 -0.684 
11 0.20 3.02 6.99 10 0.20 0.10 -0.942 
12 0.20 4.03 6.99 10 0.20 0.10 -1.14 
13 0.21 7.00 6.99 10 0.20 0.10 -2.13 
14 0.21 10.0 6.98 10 0.20 0.10 -3.06 
        
Effect of monochloramine      
15 0.99 5.00 7.00 10 1.02 0.10 -1.41 
16 0.79 4.00 7.01 10 0.82 0.10 -1.08 
17 0.61 3.00 7.01 10 0.60 0.10 -0.843 
18 0.40 2.00 7.02 10 0.41 0.10 -0.577 
19 0.10 0.50 7.03 10 0.097 0.10 -0.176 
        
Effect of phosphate      
20 0.21 1.00 6.98 5 0.20 0.10 -0.363 
21 0.19 1.00 6.98 5 0.22 0.10 -0.370 
22 0.21 1.00 7.00 5 0.20 0.10 -0.335 
23 0.21 1.00 6.99 9 0.20 0.098 -0.368 
5 0.21 1.00 7.00 10 0.21 0.10 -0.362 
24 0.21 1.00 6.98 15 0.19 0.11 -0.377 
25 0.21 1.00 6.99 15 0.20 0.11 -0.372 
26 0.19 1.00 6.97 15 0.22 0.10 -0.421 
27 0.21 1.00 6.99 15 0.20 0.10 -0.392 
28 0.21 1.00 6.98 25 0.20 0.12 -0.403 
29 0.20 1.00 6.99 25 0.21 0.10 -0.431 
30 0.19 1.00 7.01 50 0.21 0.11 -0.385 
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Table 2.2 (cont.) 
 
      
Exp # 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
  pH 
CT,PO4 
(mM) 
CT,NH3 
(mM) 
µ               
(M) 
Exp kobs    
(hr-1) 
      
Effect of ammonia      
31 0.19 1.00 7.01 10 0.010 0.10 -0.390 
32 0.21 1.00 6.98 10 0.088 0.10 -0.392 
24 0.21 1.00 6.98 15 0.19 0.11 -0.377 
23 0.21 1.00 6.99 9 0.20 0.098 -0.368 
26 0.19 1.00 6.97 15 0.22 0.10 -0.421 
25 0.21 1.00 6.99 15 0.20 0.11 -0.372 
27 0.21 1.00 6.99 15 0.20 0.10 -0.392 
5 0.21 1.00 7.00 10 0.21 0.10 -0.362 
33 0.20 1.00 6.98 15 1.00 0.11 -0.322 
34 0.20 1.00 7.00 9 1.00 0.098 -0.311 
35 0.21 1.00 6.97 15 1.79 0.11 -0.310 
36 0.21 1.00 6.99 9 3.80 0.098 -0.301 
37 0.21 1.00 6.98 10 3.80 0.10 -0.291 
38 0.21 1.00 7.00 10 9.81 0.10 -0.265 
        
Additional      
39 0.20 2.01 6.00 9.99 0.21 0.10  
40 0.20 3.00 5.98 9.99 0.21 0.10  
41 0.19 4.02 5.97 9.99 0.22 0.10  
42 0.80 40.0 7.02 10 0.86 0.10  
43 0.60 30.0 7.00 10 0.66 0.10  
44 0.39 20.0 7.01 10 0.45 0.10  
45 0.37 4.01 7.01 10 0.47 0.10  
46 1.00 50.0 7.01 50 0.082 0.50  
47 0.98 50.0 7.04 53 0.11 0.50  
        
Validation      
48 0.603 0.12 7.01 9.9 3.10 0.023  
49 0.615 0.24 7.01 9.9 3.15 0.023  
50 0.603 0.62 7.01 9.9 3.10 0.024  
51 0.614 1.25 7.01 9.9 3.15 0.024  
52 0.603 3.14 7.01 9.9 3.10 0.026  
53 0.614 6.25 7.01 9.9 3.15 0.030  
54 2.33 0.25 7.00 9.9 12.6 0.035  
55 2.32 0.50 7.01 9.9 12.5 0.035  
56 2.33 1.26 7.00 9.9 12.6 0.036  
57 2.32 2.53 7.01 9.9 12.5 0.037  
58 2.33 6.30 7.00 9.9 12.6 0.041  
59 2.32 12.5 7.01 9.9 12.5 0.047  
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Table 2.2 (cont.)   
 
      
Exp # 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
  pH 
CT,PO4 
(mM) 
CT,NH3 
(mM) 
µ               
(M) 
Exp kobs    
(hr-1) 
        
60 1.23 0.26 8.02 9.9 6.11 0.035  
61 1.23 1.25 8.02 9.9 6.11 0.036  
62 1.23 6.30 8.02 9.9 6.11 0.041  
63 1.09 0.25 5.98 9.89 6.32 0.019  
64 1.09 1.26 5.98 9.89 6.32 0.020  
65 1.12 6.26 5.98 9.89 6.30 0.025  
        
Representative Controls      
66 0.20 0 5.97 10 0.21 0.10  
67 0.20 0 7.00 10 0.21 0.10  
68 0.20 0 8.02 10 0.21 0.10  
69 0.21 0 9.00 10 0.21 0.10  
 
 
[Br−]0 = 1 mM, and a monochloramine N:Cl ratio of 2:1.  The dM/dt values used in all figures 
were obtained by assuming a first-order reaction and fitting the first half-life of the 
monochloramine kinetic curve to obtain the observed rate constant, kobs; multiplying kobs by 
initial monochloramine concentration gave the dM/dt values used.  The method of initial rates 
was not used because under many experimental conditions, the monochloramine decay 
proceeded too rapidly and not enough data points could be collected in the first 5-10% of the 
decay.  As depicted in Figure 2.1, phosphate was found to have a negligible effect on the rate of 
monochloramine decay, where the slope of the log-log plot is equal to the reaction order for 
phosphate and was found to be 0.048.  In addition, results from the study of Gazda (7) at two 
different pH values of 6.3 and 7 are also plotted in Figure 2.1 to confirm the lack of a significant 
phosphate effect.  Similarly, the N:Cl ratio of the monochloramine solution was varied from 1:1 
to 50:1 and there was a negligible effect on the rate of monochloramine decay, as seen in Figure  
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Figure 2.1.  Effect of phosphate on the rate of monochloramine decay at pH 7, [NH2Cl]0 = 0.2 
mM, [Br-]0 = 1 mM, µ = 0.1 M, T = 23.7°C, and a monochloramine N:Cl ratio of 2:1. 
 
A.1 in Appendix A.1.  Consequently, the overall rate law expressed by Gazda in Equation 2.8 is 
reduced to:  
   (2.11) 
and is used for all further analyses. 
The order of the reaction with respect to each of the three reactants, monochloramine, bromide, 
and hydrogen was confirmed to be one, as shown in Figure A.2 in Appendix A.1.  To address 
]][][[2
][
2
2 +−−= HBrClNHk
dt
ClNHd
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the discrepancy in the formation constant, k, between Trofe and Gazda, Figure 2.2 plots all data 
from this study, Gazda (7), and Trofe (4), corrected for differences in ionic strength and 
normalized against initial reactant concentrations.  As shown in Figure 2.2a for the effect of 
bromide ion, the data from this study was consistent with the results of Gazda, where the log(k) 
value, which is taken from the y-axis intercept of the log-log plot, was the same for Gazda and 
this study.  Although the Trofe data set was parallel to the other data sets, the y-axis intercept 
and thus log(k) value was different.  In Figure 2.2b, data was not available from Gazda for the 
effect of initial monochloramine concentration.  The experimental data sets labelled as 
Gazda-TS are the combined results of experiments performed by Gazda and results from this 
study, using the same initial bromide ion concentration and pH but at different ionic strengths to 
evaluate the effect of monochloramine concentration.  The difference in ionic strength was 
accounted for in this plot and as illustrated in Figure 2.2b, the data set of Gazda-TS and the 
results from this study are consistent with each other, while the Trofe data set gives a different 
log(k) value, similar to that observed in Figure 2.2a.    
The effect of pH is shown in Figure 2.2c and it can be seen that while all three data sets were 
parallel with each other, they were all found to differ slightly in their log(k) values, with the 
results of this study in between that of Gazda and Trofe.  The reason for the differences is not 
known and it is also unclear why the results of this study and Gazda match when investigating 
the effects of bromide and monochloramine concentrations but do not match when studying the 
effect of pH. 
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Figure 2.2.  Comparison of data between Trofe, Gazda, and this study for the effects of 
bromide, monochloramine, and pH.   
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Using Scientist 3.0 (Micromath Scientific Software, St. Louis, Missouri) for a least squares 
fitting of Equation 2.11 to the experimental data (effects of pH, bromide, and monochloramine) 
of this study gives a k value of 3.25×105 M-2s-1 at an ionic strength of 0.1 M.  In order to 
compare this value to that reported by Gazda at ionic strength of 0.5 M, the activity coefficients 
of both H+ and Br− were factored in, using the extended Debye-Hückel and the Güntelberg 
equations to calculate the coefficients at 0.1 M and 0.5 M, respectively.  At an ionic strength of 
0.5 M, the comparable k value from this study is 1.98×105 M-2s-1, which is a factor of 2.2 greater 
than Gazda’s reported value of 8.87×104 M-2s-1 and almost an order of magnitude smaller than 
Trofe’s comparable k value of 1.1 × 106 M-2s-1.  The results for the bromochloramine empirical 
formation constant from this study are consistent with that reported by Gazda and the difference 
between the two k values may be due to errors associated with the activity coefficients calculated 
for ionic strength greater than 0.1 M.  For further analyses in the decomposition kinetics of 
bromochloramine, the k value of 3.25×105 M-2s-1 at an ionic strength of 0.1 M will be used.   
2.3.2. Decomposition Kinetics of Bromochloramine 
Limited data is available for the kinetics of bromochloramine decomposition, with only one data 
set presented in unpublished work by Gazda (7).  Using Equations 2.5-2.7 and 2.11, the rate of 
formation of bromochloramine is given by: 
(2.12) 
Using k = 3.25×105 M-2s-1 for the formation reaction and Equations 2.9 and 2.10 proposed by 
]][][[
][
2
+−= HBrClNHk
dt
NHBrCld
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Gazda for the decomposition of bromochloramine, attempts were made to fit several different 
data sets from this study to obtain k9 and k10 values; however, regardless of the experimental 
condition used, none of the fitted k9 and k10 values (nor the k9 and k10 values provided by Gazda) 
were able to provide adequate predictions for the concentrations of monochloramine and 
bromochloramine over the course of the experiment.  
As bromochloramine is a dihaloamine, another possible decomposition pathway is one analogous 
to the chloramines and bromamines systems.  Assuming the same simplified system for the 
decomposition of dibromamine (13), Equations 2.13 and 2.14 would apply for bromochloramine: 
(2.13) 
(2.14) 
UV spectral data for the bromochloramine formation and decomposition system showed only 
two absorbance peaks which belong to monochloramine and bromochloramine, thus not allowing 
identification of any resulting products.  However, the data presented in Figures 2.3 and 2.4 
suggest Equations 2.13 and 2.14 as candidate pathways for bromochloramine decomposition.  
Figure 2.3 shows the concentration of monochloramine plotted as a function of time in a 
semi-log plot for pH 5.91 – 6.64.  As depicted in the figure, each curve was characterized by 
two linear sections, indicating that the decay of monochloramine is initially first-order but 
deviates with time.  The first linear section corresponds to Equation 2.11 where 
monochloramine is consumed to form bromochloramine, while the second linear section shows  
productsClNHNHBrCl
k13
2 →+
productsNHBrCl
k14
2 →
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Figure 2.3.  Change in the decay rate of monochloramine at [NH2Cl]0 = 0.2 mM, [Br-]0 = 1 mM, 
µ = 0.1 M, CT,PO4 = 10 mM, T = 23.7°C and a monochloramine N:Cl ratio of 2:1. 
 
an increased slope, indicating that there must be at least one additional reaction that consumes 
monochloramine and therefore increases the monochloramine decay rate.  One possible reaction 
would be Equation 2.13, where the contribution of this reaction is not significant at low 
concentrations of bromochloramine and would only affect the monochloramine decay rate when 
a sufficient level of bromochloramine has been formed.  
The decomposition of bromochloramine when monochloramine is no longer present, and thus 
not a possible reactant, is addressed in Figure 2.4.  For experimental conditions at low pH, it 
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was observed that a time point existed at which all monochloramine had been consumed, yet 
there were still levels of bromochloramine present.  Figure 2.4a shows the concentration curves 
for monochloramine and bromochloramine at pH = 5.91, [NH2Cl]0 = 0.2 mM, [Br-] = 1 mM and 
it can be seen that at ≈0.7 hr, monochloramine concentrations had leveled out to zero.  Using 
the time points at which monochloramine is zero but before bromochloramine begins to level off, 
Figure 2.4b is a second-order plot of 1/[NHBrCl] as a function of time for four data sets obtained 
at pH ≈6, [NH2Cl]0 = 0.2 mM, and varying bromide concentrations.  The existence of a straight 
line indicates a second order reaction, consistent with that of Equation 2.14, and the slope gives a 
k13 value of ~90 M-1s-1.  Using Equation 2.11 and k = 3.25×105 M-2s-1 for the formation reaction 
and equations 13, 14, and k14 = 90 M-1s-1, the k13 value was fitted to data sets of varying 
experimental conditions.  For all data sets fitted, there did not exist a k13 value that was able to 
predict the concentration profiles of monochloramine and bromochloramine.  Fitting for both 
k13 and k14 values also did not result in adequate concentration profile predictions.   
The inability of the reaction system consisting of Equations 2.12, 2.13, and 2.14 to predict the 
formation and decomposition of bromochloramine may be due to the possibility that additional 
reactions are required.  Moreover, while Equation 2.13 provided a possible explanation for 
Figure 2.3, the increase in monochloramine decay rate observed also can be attributed to the 
reaction of monochloramine with a compound whose concentration increases with time, such as 
a decomposition product of bromochloramine.  
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Figure 2.4.  (a) Concentration profiles showing the presence of bromochloramine after 
monochloramine has been completely consumed, at pH 6, [NH2Cl]0 = 0.2 mM, [Br-]0 = 1 mM, µ 
= 0.1 M, CT,PO4 = 10 mM, T = 23.7°C and a monochloramine N:Cl ratio of 2:1.  (b) 
Second-order plot for the reaction of bromochloramine with itself at four bromide concentrations, 
pH ~6, [NH2Cl]0 = 0.2 mM, µ = 0.1 M, CT,PO4 = 10 mM, T = 23.7°C and a monochloramine N:Cl 
ratio of 2:1. 
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2.3.3. Model System for Predicting Bromochloramine Formation and Decomposition 
Determining all the reaction steps involved in the decomposition pathway of bromochloramine is 
beyond the scope of this work; however, a simplified system of reactions can be provided that 
will allow the concentration profiles of both monochloramine and bromochloramine to be 
predicted.  Table 2.3 gives the reaction scheme used in this study and uses two assumptions: (i) 
all BrCl formed undergoes a fast reaction to form Br2 as shown in Equation 2.6; and (ii) the 
concentration of bromide ion is constant throughout the reaction.  The first two reactions in 
Table 2.3 are identical to Equations 2.5 and 2.7 given by Gazda (7), where the value of k7 is 
given in literature.  The value for the formation constant, k = 3.25×105 M-2s-1, obtained 
experimentally for the initial reaction was used as the k5 value.  The bromochloramine 
decomposition pathway involves seven reactions, two (Equations 2.20 and 2.21) of which are the 
decomposition reactions for bromamines given in literature (13).  The first bromochloramine 
decomposition reaction listed in Table 2.3 is the original decomposition reaction proposed by 
Gazda (Equation 2.9), involving a Cl+ transfer step to form the decomposition products of NH2Br 
and BrCl.  However, instead of NH2Br and BrCl combining to form NHBr2, which would 
further react through Equation 2.10, the two decomposition products undergo separate reactions, 
with BrCl immediately forming Br2.  Equation 2.15 is the reaction of bromochloramine with 
Br2 to form NBr2Cl, which was proposed by Gazda (14) based on experimental data (15) where 
NBr2Cl formed from the reaction of excess HOBr with bromochloramine.  The stability of the 
NBr2Cl solutions was found to increase when bromide ion was added, thus suggesting that Br2  
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Table 2.3.  Proposed reaction scheme for the formation and decomposition of bromochloramine (rate constants for µ = 0.1 M, T = 
23.7 ± 1°C) 
 
Reaction Rate expression Rate constant 
    
 (2.5)  NH2Cl + Br- + H+    NH3 + BrCl k* 5[NH2Cl][Br-][H+ 1.17×10] 9 M-2h-1 a 
 (2.7)  NH2Cl + Br2    NHBrCl + Br- + H+ k  7[NH2Cl][Br2 1.50×10] 12 M-1h-1 (15) 
 (2.9)  NHBrCl + Br- + H+    NH2Br + BrCl k* 9[NHBrCl][Br-][H+ 10] 9.2 M-2h-1 b 
(2.15)  NHBrCl + Br2    NBr2Cl + Br- k  15[NHBrCl][Br2 10] 11.2 M-1h-1 b 
(2.16)  NHBrCl + NBr2Cl + 3OH- k   products 16[NHBrCl][NBr2Cl][OH- 10] 16 M-2h-1 b 
(2.17)  NH2Br + Br- + H+    Br2 + NH3 k  17[NH2Br][Br-][H+ 10] 12.7 M-2h-1 b 
(2.18)  NH2Br + Br2    NHBr2 + Br- + H+ k  18[NH2Br][Br2 10] 14.8 M-1h-1 b 
(2.19)  2NHBrCl + OH- k    products 18[NHBrCl]2[OH- 10] 10.6 M-1h-1 b 
(2.20)  NH2Br + NHBr2 k    products 19[NH2Br][NHBr2 (2.23×10] 4)+(2.99×108)[OH-] (13) 
(2.21)  2NHBr2 k    products 20[NHBr2]2 (3.20×10  4)+(5.04×106)[HPO42-] (13) 
   
 
* Based on Equation 2.6, all BrCl formed will undergo a fast reaction to form Br2  
a Rate constant was obtained by fitting the data sets for the effect of pH, bromide, and monochloramine were to Equation 2.11 using 
Scientist 3.0 
b
 
 Rate constants were obtained by simultaneously varying all six rate constants until the simulation curves matched the experimental 
data 
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(formed from HOBr + Br-) will also react with bromochloramine to form NBr2Cl.  Once present, 
NBr2Cl is thought to react with bromochloramine by Equation 2.16, as proposed by both 
Valentine (16) and Gazda et al. (14).  The bromochloramine decomposition product of NH2Br is 
proposed to undergo Equations 2.17 and 2.18 to ultimately form NHBr2 and would be consistent 
with the experimental data in literature (13) where increasing concentrations of bromide ion 
resulted in increased rates of NH2Br disproportionation into NHBr2 and NH3.  Of the two pH 
values tested, this effect was observed only at pH 6.71 and not at pH 8.48, which would support 
the H+ dependence in the rate expression of Equation 2.17.  Figure 2.4 provided experimental 
data consistent with Equation 2.19 for the reaction of bromochloramine with itself and specific 
base catalysis by OH- was proposed by Valentine (16).  Finally Equations 2.20 and 2.21 for 
bromamine decomposition represent the disproportationation of NH2Br to NHBr2 and its 
subsequent decay.  The k values listed in Table 2.3 for equations 2.9, 2.15 – 2.19 were obtained 
by simultaneously varying the values until a reasonable fit of experimental data was obtained. 
Using the system of equations in Table 2.3 and entering the initial conditions for each 
experimental data set, Scientist 3.0 was able to simulate the concentration profiles for all species 
involved.  Figure 2.5 provides the simulated curves for the concentration of monochloramine 
and bromochloramine as compared to the experimental data as a function of time.  As depicted 
in the figure, the model was generally able to provide good agreement for data sets where the pH 
was varied from 6 – 8 (Figure 2.5a), although slight deviations were observed in the 
concentration profile for monochloramine at the lower pH values.  When the initial bromide 
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Figure 2.5.  (a) Comparison of model simulation with experimental data for the effects of pH. 
 
33 
Time (hr)
[N
H
2C
l]
, (
M
)
0.00000
0.00005
0.00010
0.00015
0.00020
0.00025
[Br-] = 1 mM
[Br-] = 2 mM
[Br-] = 3 mM
[Br-] = 4 mM
[Br-] = 7 mM
[Br-] = 10 mM
Time (hr)
0 1 2 3 4 5
[N
H
B
rC
l]
, (
M
)
0.00000
0.00002
0.00004
0.00006
0.00008
0.00010
[Br-] = 1 mM
[Br-] = 2 mM
[Br-] = 3 mM
[Br-] = 4 mM
[Br-] = 7 mM
[Br-] = 10 mM
Time (hr)
[N
H
2C
l]
, (
M
)
0.0000
0.0002
0.0004
0.0006
0.0008
0.0010
[NH2Cl] = 1 mM, [Br
-] = 5 mM
[NH2Cl] = 0.8 mM, [Br
-] = 4 mM
[NH2Cl] = 0.6 mM, [Br
-] = 3 mM
[NH2Cl] = 0.4 mM, [Br
-] = 2 mM
[NH2Cl] = 0.1 mM, [Br
-] = 0.5 mM
Time (hr)
0 1 2 3 4
[N
H
B
rC
l]
, (
M
)
0.00000
0.00005
0.00010
0.00015
0.00020
0.00025
[NH2Cl] = 1 mM, [Br
-] = 5 mM
[NH2Cl] = 0.8 mM, [Br
-] = 4 mM
[NH2Cl] = 0.6 mM, [Br
-] = 3 mM
[NH2Cl] = 0.4 mM, [Br
-] = 2 mM
[NH2Cl] = 0.1 mM, [Br
-] = 0.5 mM
(b)  Br
(b)  Br
(c)  NH2Cl
(c)  NH2Cl
 
Figure 2.5.  Comparison of model simulation with experimental data for the effects of (b) 
bromide and (c) monochloramine.   
 
 
concentration was varied from 1 – 10 mM (Figure 2.5b), the model was able to predict the shape 
of the bromochloramine curve, including the time points when it begins to level off and the 
maximum yield of bromochloramine formed, although the monochloramine curve was slightly 
overpredicted.  If both the initial monochloramine and bromide concentrations were increased 
but the ratio of these reactants remained as 1:5, the model prediction describes the experimental 
data very well (Figure 2.5c).  Additional data sets at various conditions and changing the N:Cl 
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ratio of the monochloramine solution are available in the Appendix A.1 (Figures A.3-A.5). 
Of the experimental conditions tested by Gazda (7), kinetic data for monochloramine and 
bromochloramine was only available at one condition.  Figure 2.6 compares the experimental 
data of Gazda to the results of the model simulation, using a k5 value of 1.98×105 M-2s-1 for an 
ionic strength of 0.5 M.  In addition, two data sets obtained in this study using the same 
conditions as the Gazda experiment are shown in Figure 2.6, one with slow mixing in a batch 
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Figure 2.6.  Comparison of model simulation with experimental data from Gazda and this study 
at pH ~7, [NH2Cl]0 = 1 mM, [Br-]0 = 50 mM, µ = 0.5 M, CT,PO4 = 50 mM, T = 23.7°C and a 
monochloramine N:Cl ratio of 1:1; and the effect of instantaneous versus relatively slow mixing.  
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reactor (the default used in all experiments) and the other using the stopped-flow unit (fast mix) 
to test for the effect of mixing.  As illustrated in the figure, there was no difference observed 
between the data sets of different mixing, indicating that any differences between this study and 
Gazda’s study are not due to mixing.  A slightly higher level of bromochloramine was formed 
in the two data sets from this study, as compared to the data set of Gazda, although this could be 
due to the different wavelengths used in this study (243, 294, 320 nm) and that of Gazda (232, 
245, 300, 340 nm) to quantify the monochloramine and bromochloramine concentrations.   
Using the system of equations in Table 2.3, the simulations from the model are shown as lines in 
Figure 2.6.  The model slightly over-predicts the decay of monochloramine as compared to the 
experimental data.  With respect to bromochloramine, the model simulates the initial formation 
and peak value of bromochloramine very well as compared to the experimental data obtained in 
this study.  There is also good agreement for the rate of bromochloramine decomposition 
between the model simulation and experimental data; however the model shows a delay in the 
time at which the net decay of bromochloramine begins, resulting in an over-prediction for the 
second half of the concentration curve. 
One possible explanation for the delay in the time at which the net decay of bromochloramine 
begins is the total phosphate concentration of 50 mM used in Gazda’s condition.  From Figure 
2.1, it was seen that the effect of phosphate was negligible on the formation constant of 
bromochloramine; however, as shown in Figure 2.7 for the decomposition kinetics, an increase 
in phosphate concentration results in (i) a decrease in the peak value of bromochloramine  
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Figure 2.7.  Effect of phosphate on the bromochloramine decomposition kinetics at pH 7, 
[NH2Cl]0 = 0.2 mM, [Br-]0 = 1 mM, µ = 0.1 M, T = 23.7°C and a monochloramine N:Cl ratio of 
2:1. 
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obtained; and (ii) an earlier time at which net decay of bromochloramine begins.  Note that the 
actual rate of bromochloramine decomposition appears unchanged for varying phosphate 
concentrations.  To obtain the simulated lines in Figure 2.6, the rate constants used in the model 
system were based on a total phosphate concentration of 10 mM.  If Gazda’s experimental 
conditions were repeated with 10 mM total phosphate, it is expected that the bromochloramine 
concentration profile would show a delay in time at which the net decay begins and be in closer 
agreement to the simulated line.  From Figure 2.7, it is clear that phosphate catalysis is present 
in bromochloramine decomposition.  Additional examination of the effect of ammonia (Figure 
A.3) also shows ammonia catalysis for bromochloramine decomposition, suggesting that general 
base catalysis with HPO42- and NH3 exists.  Further work is required to determine which 
decomposition reaction(s) are general-base catalyzed and obtain their corresponding kHPO42- and 
kNH3 values. 
2.3.4. Model Application 
Using the system of reactions in Table 2.3 and conditions that differed from those used to fit the 
reaction rate constants, experiments were performed to assess the ability of the model to predict 
the concentrations of monochlormine and bromochloramine as a function of time.  In general, 
the model provides a close prediction to experimental data for most conditions, with the greatest 
differences observed when using a high monochloramine concentration coupled with a low 
bromide concentration.  Figure 2.8 illustrates the data points and model simulation for four 
conditions at a low ionic strength = 0.020 – 0.041 M and a monochloramine N:Cl ratio of 6:1,  
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Figure 2.8.  Model validation for conditions outside of those used for the fitting.  Experiments 
shown have a monochloramine N:Cl ratio of 6:1, T = 23.7°C, and µ = 0.020-0.041 M. 
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with additional data sets and their simulations available in Figures A.6-A.8.  The general good 
agreement between the simulated concentration profile curves and the experimental data verify 
the validity of the proposed modeling approach. 
2.4. Supporting Information Available 
Effect of ammonia on the rate of monochloramine decay; Determination of the order of the 
reaction with respect to monochloramine, bromide, and hydrogen; Comparison of model 
simulation with experimental data for varying monochloramine N:Cl ratios, initial bromide ion 
concentrations at pH 6, and initial monochloramine and bromide ion concentrations; Model 
validation at various experimental conditions.  This information is available in Appendix A.1. 
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CHAPTER 3 
BROMIDE ION EFFECT ON N-NITROSODIMETHYLAMINE                 
(NDMA) FORMATION BY MONOCHLORAMINE 
Abstract - N-nitrosodimethylamine (NDMA) formation experiments conducted in phosphate 
and carbonate buffer demonstrated that in waters containing monochloramine, the presence of 
bromide ion enhanced NDMA formation at the relatively high pH values of 8 and 9, which was 
consistent with literature results.  However at relatively low to neutral pH (6 to 7), the presence 
of bromide resulted in lower NDMA formation as compared to results obtained in the absence of 
bromide.  The hypothesis that bromamines was the species responsible for enhanced NDMA 
formation at high pH was tested and was shown to not be valid.  Additional active bromine 
species were also tested, including hypobromous acid, hypobromite ion, and tribromide ion, with 
no species showing an ability to enhance NDMA formation.  Analysis of the UV spectral data 
corresponding to the NDMA experiments suggest that the mechanism by which bromide 
enhances NDMA formation lies in the formation of a haloamine compound, possibly the mixed 
dihaloamine bromochloramine. 
 
Keywords:  N-nitrosodimethylamine, NDMA, monochloramine, bromide, bromamine, 
bromochloramine  
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3.1. Introduction 
N-nitrosodimethylamine (NDMA) is a potent carcinogen and an emerging disinfection 
by-product.  The integrated risk information system (IRIS) database of the United States 
Environmental Protection Agency (US EPA) provides an estimate of 0.7 ng/L as the 
concentration of NDMA in drinking water that represents a 10-6 lifetime cancer risk for the 
average adult (1); however, occurrence data collected under the Unregulated Contaminant 
Monitoring program show that NDMA has been detected at an average concentration of 9 ng/L 
for treated drinking waters (2) and almost 25% of public water utilities surveyed showed more 
than 2 ng/L of NDMA (2).  Studies on the formation of NDMA have shown that while the use 
of free chlorine produces low to no NDMA, the use of chloramines can produce NDMA at 
significantly higher levels (3-5).  Many water utilities in the United States have recently 
switched or are currently considering substituting free chlorine with monochloramine as a 
residual disinfectant for the purpose of lowering the formation of regulated chlorinated 
disinfection byproducts in distribution systems (6).  Consequently, there is a need to study the 
formation of NDMA in chloraminated waters and the role played by relevant water quality 
parameters so that ultimately NDMA formation control strategies can be developed.   
One constituent of natural waters that is of interest is bromide ion.  Recent studies (2, 7) have 
shown that for ozonated waters, bromide can catalyze the formation of NDMA from various 
NDMA precursors.  In a study of Lake Zurich water (7), the presence of bromide was found to 
catalyze the formation of NDMA in ozonated waters containing N,N-dimethylsulfamide (DMS), 
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where the rate limiting step of NDMA formation was the oxidation of bromide ion by ozone to 
form hypobromous acid (HOBr).  The DMS precursor was oxidized by HOBr to form a 
Br-DMS intermediate, which reacted with ozone and underwent several subsequent steps 
including an intra-molecular rearrangement to form NDMA.  In a separate study by Padhye et 
al. (2), both dimethylamine (DMA) and the amine-based water treatment polymer 
polyDADMAC, which contains DMA moieties, showed an increase in NDMA yield when 
bromide ion was present.  While the reaction mechanism was not investigated, it was 
hypothesized that the oxidation of bromide to HOBr was responsible for this increased 
formation.   
The effect of bromide on NDMA formation in chloraminated waters is less well characterized 
and understood than in ozonated waters.  Valentine and co-workers (8) showed that in the 
presence of 0.2 mM bromide ion, waters containing 0.1 mM monochloramine and 0.1 mM DMA 
resulted in enhanced formation of NDMA at all pH levels (pH 3.5 to 11) investigated after 24 
hours of contact time, with a maximum yield at approximately pH 8.5.  As bromide ion 
concentration increased from 0 to 1 mM, the NDMA yield also increased, with some conditions 
showing a leveling off of NDMA formed after a certain bromide concentration.  The 
mechanism of enhancement was not investigated, although it was attributed to the formation of 
bromamines, which are generally more reactive than chloramines.  A recent study by Chen and 
co-workers (9) used phosphate buffered waters at pH 7 containing 1 mM monochloramine and 
0.3 mM DMA and showed the rate of NDMA formation was higher in the presence of 31.25 µM 
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bromide ion in the first 12 hours.  Enhanced formation of NDMA after 24 hours of contact time 
was also observed at the pH values tested (pH 4, 7, 9, and 12) when 31.25 µΜ bromide was 
present, although the maximum yield occurred at pH 7, with an order of magnitude lower 
concentrations of NDMA reported at pH 9 and 12.  The much higher concentration of NDMA 
formed at neutral pH was attributed to the presence of dichloramine.  Based on the known 
pathways in literature, it was hypothesized that the oxidation of bromide by dichloramine would 
form a bromo-dihaloamine which would react with DMA and form a Br-UDMH intermediate 
comparable to the Cl-UDMH intermediate proposed by Schreiber and Mitch (5) for the 
formation of NDMA from dichloramine and DMA.  In a third study (10) with a natural water 
from Missouri treated with 1 mM monochloramine and dosed with varying bromide ion 
concentration within the range of 0 to 2 mM, NDMA formation was 5–10 ng/L higher in samples 
with bromide addition compared to the control after 48 hours of contact time at pH 7.  When 
the pH was varied from 6 to 9, there was no clear trend in the effect that 0.5 mM bromide had on 
NDMA formation: while at pH values of 7 and 9, bromide addition resulted in an increase in 
NDMA formation, at pH values of 6 and 8 bromide addition resulted in a decrease in the NDMA 
yield.  With the lack of agreement between these three studies, particularly in the effect of 
bromide at pH values other than 7, the goal of this investigation was to determine the effect of 
bromide on NDMA formation in waters containing monochloramine and the precursor DMA.  
Additionally, the hypothesis that bromamines or other bromine species are responsible for the 
enhanced NDMA formation during chloramination of water containing bromide was tested. 
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3.2. Materials and Methods 
3.2.1. Reagents 
Distilled deionized (DDI) water was used for all experiments.  All chemicals were reagent 
grade and used without further purification.  Dimethylamine hydrochloride (99%), 
N-nitrosodimethylamine (200 µg/mL in methanol), sodium sulfate (99+%), tetrabutylammonium 
tribromide (98%), tetrabutylammonium bisulfate (99+%), and sodium bisulfate monohydrate 
(99%) were obtained from Sigma Aldrich (St. Louis, MO).  Ammonium chloride (99.8%), 
sodium bromide (99+%), sodium hypochlorite solution (5.65–6.00%), bromine (99.5%), sodium 
phosphate monobasic monohydrate (98.0–102.0%), sodium phosphate dibasic heptahydrate 
(98.0–102.0%), sodium bicarbonate (99.7–100.3%), sodium bromate (99.7–100.3%), and L+ 
ascorbic acid (99+%) were purchased from Fisher Scientific (Pittsburgh, PA).  The solvents 
methanol (99.9+%), dichloromethane (99.9+%), acetone (99.5+%), and acetonitrile (99.9+%) 
were purchased from Sigma Aldrich.  A 1 mg/mL solution of N-nitrosodimethylamine-D6 (98%) 
in methylene chloride was obtained from Cambridge Isotope Laboratories (Andover, MA).  
Solid phase extraction (SPE) cartridges Model 26032 from Restek (Bellefonte, PA) for EPA 
Method 521 and empty glass SPE tubes with PTFE frits from Sigma Aldrich were used for 
NDMA extractions.   
3.2.2. Preparation of Haloamines 
Monochloramine solutions were prepared as described in greater detail elsewhere (11) by slowly 
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adding diluted sodium hypochlorite to excess ammonium chloride in phosphate buffer at pH 9 
under rapid mixing.  Hypobromite stock solutions were prepared by the reaction shown in 
Equation 3.1 (12) using a molar Br−/NaOCl ratio of 1.05 and pH 11 and allowing the reaction to 
proceed for 3 days in the dark.   
(3.1) 
Bromamine solutions were then prepared by adding hypobromite stock solution directly to the 
reactor containing excess ammonium chloride to form monobromamine in-situ.  Due to the fast 
disproportionation of monobromamine into dibromamine and ammonia (12), all bromamine 
solutions used contained a mixture of the two bromamines.  Concentrations of all species were 
measured by UV spectrophotometry using the molar absorptivity values listed in Table B.1 of 
Appendix B.1.  The pH was measured using an Accumet pH/ATC electrode (Fisher Scientific, 
Pittsburgh, PA) with saturated KCl filling solution and calibrated with standard buffer solutions 
at pH 4, 7, and 10 before use.  Solutions of HClO4 and NaOH were used for pH adjustment. 
3.2.3. NDMA Formation 
All glassware for NDMA formation experiments was baked at 400°C for 3 hours prior to use, 
with the exception of volumetric glassware that was rinsed with acetone.  Reactions were 
conducted in 500 mL glass bottles wrapped in foil at room temperature (22±2°C) under gentle 
mixing.  All reactors contained 500 mL of phosphate-buffered solution which was allowed to 
equilibrate overnight prior to use.  A predetermined amount of bromide stock solution (500 mM) 
was added to each reactor 30 min to 1 hour prior to the start of an experiment.  
−−−− +→+ ClOBrBrOCl
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Monochloramine stock solution (5 mL of 20 mM) was added to each reactor and allowed to mix 
for ~1.5 min before DMA stock (10 mM) was added to start the reaction.  To test the effect of 
carbonate buffer, all volumes of reactants were adjusted so that there was no headspace in the 
reactors.  Prior to the start of each experiment, a predetermined volume of bicarbonate stock 
solution was added to achieve 4 mM total bicarbonate in each reactor.  Samples (2 mL) were 
taken from the reactor for analysis of oxidant concentrations before ascorbic acid (1 mL of 1.25 g 
in 50 mL DDI) was used to quench the remaining oxidant.  Quenched samples were stored for a 
maximum of 3 days in a 4°C cold room prior to NDMA extraction.   
3.2.4. NDMA Analysis 
The extraction procedure was a modified version of EPA Method 521 for nitrosamines (13).  In 
brief, NDMA-d6 was added to each reactor for isotope dilution mass spectrometry (14).  Three 
NDMA-d6 concentrations and subsequent calibration curves were used depending on the NDMA 
concentration formed.  Solid phase extraction cartridges were conditioned using 
dichloromethane, methanol, and DDI before the reactor solution was passed through the 
cartridge under vacuum.  Flow rates of 10 mL/min or less were used until the entire sample was 
passed through.  Cartridges were then exposed to air and placed under full vacuum for 10 min 
before elution with dichloromethane.  Extracts were passed through a glass SPE tube packed 
with ~6 g of sodium sulfate to remove residual water.  The final extract was concentrated with 
ultra high purity nitrogen gas to 1 mL and stored at -80°C for up to 4 weeks until GC/MS 
analysis.  A 5 µL extract was injected into a Varian GC/MS 4000 (Palo Alto, CA) under positive 
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chemical ionization (acetonitrile) mode.  The capillary column used was a Varian Factor Four 
VF-5ms, 30m x 0.25mm ID x 1µm film thickness.  The injection was splitless, with the injector 
temperature held at 37°C for 1 min followed by a 100°C/min ramp rate to reach 250°C that was 
held for 5 min.  The GC oven temperature program consisted of an initial temperature of 35°C 
held for 4 min, a 4°C/min ramp to 130°C followed by a 40°C/min ramp to 255°C, and finally 
255°C held for 1 min.  The parent ions for NDMA and NDMA-d6 were m/z 75 and 81, 
respectively, while the daughter ions used for quantification were m/z 56 and 59, respectively.  
The corresponding temperatures of the transfer line, ion trap, and manifold were 300, 250, and 
80°C, respectively.  Depending on the isotope concentration used, the method detection limit 
and calibration range varied (see Table B.2 of Appendix B.1). 
3.2.5. Experimental Conditions 
NDMA formation experiments were designed to assess the effect of pH (6−9) and bromide 
concentration (0.04–1 mM) after 24 hours of contact time.  For each experiment, oxidant 
concentrations were also measured by UV spectrophotometry and analyzed for their role in 
NDMA formation.  A summary of experimental conditions used for all tests is presented in 
Table B.3 of Appendix B.1. 
3.3. Results and Discussion 
3.3.1. Effect of Bromide on the Formation of NDMA from Monochloramine and 
Dimethylamine 
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NDMA formation experiments were performed at [NH2Cl]0 = 0.2 mM, [DMA]0 = 0.0005 mM, 
total phosphate = 10 mM, and 24 hour contact time to assess the effect of bromide on NDMA 
yield.  Figure 3.1a presents the results of NDMA yield in ng/L in the pH range of 6–9 with and 
without 0.4 mM of bromide.  A significant enhancement of NDMA formation was evident at 
the high pH values of 8 and 9 when bromide ion was present; however, through the pH range of 
6–7, bromide ion acted to decrease the concentration of NDMA formed, as compared to yields 
formed in the absence of bromide.  When comparing these results to those of Valentine et al. (8) 
where NDMA enhancement was observed in the presence of bromide through pH 3.5 – 11, it was 
noted that while the initial monochloramine-to-bromide ratio was also 1:2, Valentine et al. used a 
much higher DMA concentration of 0.1 mM and a different buffering system of 4 mM carbonate 
buffer.  The effect of carbonate buffer was investigated to determine whether the different  
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Figure 3.1.  Effect of 0.4 mM bromide on NDMA formation in (a) 10 mM phosphate and 
(b) 4 mM carbonate buffer after 24 hours at pH 6, 6.3, 6.6, 7, 8, and 9.  Initial 
monochloramine concentration = 0.2 mM and DMA concentration = 0.0005 mM. 
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buffer system could account for the lower NDMA formation observed in this study in the 
presence of bromide at low-to-neutral pH values.  Figure 3.1b illustrates that the use of 
carbonate buffer resulted in a similar trend to that observed with phosphate buffer.  At low pH 
values, bromide acts to decrease NDMA formation but as the pH increases, bromide enhances 
NDMA formation.  The only difference between the use of phosphate and carbonate buffer was 
the pH value at which bromide changes from an inhibitor to an enhancer of NDMA formation.  
In the phosphate buffering system, this changeover occurs at a pH above 7, while in the 
carbonate buffering system, it occurs at a pH below 7.  The reason for this difference is not 
clear – the higher ionic strengths of the 10 mM phosphate solution versus that of the 4 mM 
carbonate buffer system should not affect NDMA formation, as an experimental set with varying 
ionic strength showed a negligible effect (data not shown).  However, one possible explanation 
may be that key reactions in chloramine chemistry are known to be catalyzed by phosphate more 
so than by carbonate and the difference in catalysis may be reflected in the pH value at which the 
changeover occurs. 
The results of Figure 3.1b indicate that a different buffering system did not account for the lower 
NDMA formation observed in this study in the presence of bromide at low-to-neutral pH values 
as compared to the work of Valentine et al. (8).  This suggests that the much higher 
concentration of 0.1 mM DMA used in Valentine’s study, as opposed to 0.0005 mM used in this 
study, may be the reason for the differences observed and would be supported by the results of 
Chen et al. (9).  Similar to the results of Valentine et al., the study of Chen et al. used a higher 
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DMA concentration of 0.3 mM and showed enhanced NDMA formation in the presence of 
bromide at all pH values tested, although the maximum NDMA yield occurred at a lower pH 
value.  The different pH at which the maximum NDMA yield was observed may be due to the 
different initial monochloramine-to-bromide ratio used, where Chen et al. used a ratio of 32:1, in 
contrast to the 1:2 ratio used by Valentine et al.  It should also be noted that experiments were 
performed in this study using an initial monochloramine-to-bromide ratio of 5:1 and the results 
showed similar trends to that with a ratio of 1:2 (data not shown).      
3.3.2. Role of Bromamines in the Enhancement of NDMA Formation 
Valentine et al. (8) proposed that the addition of bromide to monochloramine resulted in the 
formation of bromamines, stronger nucleophiles with higher reactivity when compared to 
chloramines, and that these bromamines enhanced the formation of NDMA.  While the 
decomposition of bromamines is faster than the decomposition of chloramines, as pH increases, 
the stability of bromamines will also increase.  Valentine et al. hypothesized (8) that a low 
steady-state concentration of bromamines can exist and react with DMA and as the pH increases, 
this steady-state concentration will also increase due to its increased stability.  This would be 
consistent with the results shown in Figure 3.1, where the steady-state concentration of 
bromamines would be higher at pH 8 and 9, and thus result in the enhanced NDMA formation 
observed.  Figure 3.2a presents UV spectral data corresponding to the NDMA formation 
experiments of Figure 3.1 at relatively high pH of 9 with monochloramine and bromide in 
phosphate buffer, as well as a spectrum corresponding to an experiment performed at the same 
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pH 9 with bromamines.  As depicted in the figure, the spectra for the monochloramine and 
bromide experiment do not show the presence of monobromamine or dibromamine peaks; 
however, there is the possibility that bromamines may be present at levels below their detection 
limits.  The hypothesis set forth by Valentine et al. (8) that these trace levels of bromamines are 
responsible for the enhanced NDMA formation by monochloramine in the presence of bromide 
was tested by performing an experiment with a relatively high bromamine concentration.  The 
results are presented in Figures 3.2b and 3.2c.  Figure 3.2b compares the formation of NDMA at 
pH 9 as a function of time for: (i) monochloramine only; (ii) monochloramine with bromide; and 
(iii) monobromamine and dibromamine.  The concentration of monochloramine in the first two 
experiments was 0.2 mM and the initial total concentration of bromamines in the third 
experiment was ~0.15 mM.  As depicted in Figure 3.2b, over the course of 10 hours, a 
significantly higher concentration of NDMA was formed in the solution of monochloramine and 
bromide than in the solution of monochloramine alone, which was expected based on the 
findings of Figure 3.1.  When the precursor was reacted with the solution of bromamines, 
NDMA formation was observed but at a level of more than one order of magnitude lower (note 
the break in the y-axis) than that of the solution containing monochloramine and bromide.  The 
corresponding oxidant concentrations for all three experiments are presented in Figure 3.2c and 
show a relatively stable concentration of monochloramine for both the experiment of 
monochloramine alone and for the experiment of monochloramine and bromide.  For the 
bromamines experiment, both mono- and dibromamine decayed within the first four hours; 
however for the enhanced NDMA formation observed in the solution of monochloramine and  
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Figure 3.2.  (a) Time series of UV absorption spectra for the reaction at pH 9 of 0.2 mM monochloramine with 1 mM bromide ion 
and 0.0005mM DMA.  Circles indicate the peak wavelengths at which monobromamine and dibromamine would appear if they 
occured in the sample.  A spectrum of a monobromamine and dibromamine solution is included for reference.  (b) Kinetic data for 
the formation of NDMA at pH 9, at initial DMA concentration of 0.0005 mM for experiments with 0.2 mM monochloramine only 
(triangles), 0.2 mM monochloramine with 1 mM bromide ion (circles), and a mixture of monobromamine and dibromamine with a 
total initial concentration of ~0.15 mM (squares).  Note the break in the y-axis.  (c) Concentration profiles for monochloramine 
(triangles and circles), monobromamine (squares), and dibromamine (diamonds) in the NDMA formation experiments shown in 
(b). 
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bromide, the greatest rate of NDMA formation occurs within the first two hours.  Within this 
time period the concentrations of bromamines in the bromamine experiment is readily detectable 
by UV spectrophotometry and therefore significantly higher than any possible trace levels that 
could be present in the monochloramine and bromide experiments.  This suggests that while 
bromamines are capable of forming NDMA, they are not the species directly responsible for the 
enhanced NDMA formation observed in the presence of bromide at high pH. 
3.3.3. Analysis of UV Spectral Data and the Presence of an Unknown Species 
Analysis of the raw UV spectral data corresponding to the NDMA formation experiments 
showed two different outcomes.  As illustrated in Figure 3.3a for pH 6, at low to neutral pH 
(data for pH 7 not shown), the monochloramine absorbance peak at 243 nm decayed with time as 
the reaction with bromide proceeded and a new peak at 320 nm appeared, which corresponded to 
the formation of bromochloramine as documented in the literature (15, 16).  As the reaction 
time increases, monochloramine and bromochloramine decompose until both species are 
depleted.  However at the higher pH values of 8 and 9 (data for pH 9 not shown), during which 
an enhancement of NDMA is observed in the presence of bromide, Figure 3.3b illustrates a 
different general trend observed in the bromide range of 0.04–1 mM with the data at a bromide 
concentration of 0.2 mM shown.  During an initial time period of approximately six hours, the 
absorbance peak of monochloramine appears to remain constant or may decrease slightly with 
time.  As the reaction time increases beyond this initial period, the UV spectra begin to show an 
increase in absorbance at wavelengths lower than 300 nm, with no change in absorbance 
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observed for wavelengths above 300 nm and so no appearance of a bromochloramine peak.  
Figure 3.3b shows a zoomed in view of the spectra where increases in absorbance can be seen 
predominantly at the 243 nm peak of monochloramine but also in the valley at ≈225 nm.  As no 
additional monochloramine could be formed in this reaction, the increase in absorbance at 243 
nm would indicate that a new species is formed with an absorption spectrum that overlaps with 
that of monochloramine.  Quantitative analysis of the raw data could not be performed since the 
identity of the new species is not known.  However, Figure 3.3c presents a qualitative analysis 
in order to provide a possible identity of the species.  If it is assumed that the monochloramine 
concentration remains relatively constant, the spectrum of monochloramine only at time zero can 
be subtracted from each spectrum in the time series and the resulting spectra show a peak with 
maximum absorbance at 266 nm.   
One known reaction between monochloramine and bromide is the formation of 
bromochloramine (16).  However other reactions can also occur as illustrated with the pathways 
shown in Figure B.1 of Appendix B.1 (17-23).  Of the species present in Figure B.1, tribromide 
ion, Br3-, is the only compound with a peak absorbance at or in the vicinity of 266 nm.  Based 
on the reaction scheme presented in Figure B.1, the presence of tribromide would indicate that 
bromine, Br2, and thus bromochloramine should also be present.  The molar absorptivity values 
for tribromide, bromine and bromochloramine are 35,000 M-1cm-1 at 266 nm, 173 M-1cm-1 at 390 
nm and 195 M-1cm-1 at 320 nm, respectively (20, 22).  While no absorbance peaks for bromine 
and bromochloramine were observed in the experimental spectra (see Figure 3.3), the reason  
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Figure 3.3.  (a) UV absorption spectra for the reaction of 0.2 mM monochloramine with 0.2 mM bromide ion at pH 6, showing the 
decrease of monochloramine at 243 nm and the formation of bromochloramine at 320 nm.  (b) UV absorption spectra for the 
reaction of 0.2 mM monochloramine with 0.2 mM bromide ion at pH 8, showing a small increase with time for wavelengths less 
than 300 nm.  The legend is the same as that shown in panel (c).  (c) Resulting spectra after the initial monochloramine spectrum is 
subtracted from the raw spectra of (b). 
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could be their significantly lower molar absortivities as compared to that of tribromide.  Notice 
that if the absorbance peaks at 266 nm in Figure 3.3c correspond to Br3- , the concentrations of 
this species would be below 0.0006 mM.   
3.3.4. Analytical Techniques to Identify the Unknown Compound 
The appearance of the unknown compound with peak absorbance at 266 nm at high pH was 
consistent with the enhanced NDMA formation in the presence of bromide ion observed only at 
high pH conditions.  Several analytical techniques were used to identify the unknown 
compound, including checking if it was tribromide ion.  Gas chromatography with mass 
spectrometry detection was used on several samples but there were no compounds detected, thus 
no details are provided here.  
Electrospray ionization mass spectrometry (ESI-MS) analyses were performed with samples at 
both pH 8 and 9, containing monochloramine and bromide concentrations of 0, 0.04, 0.4, and 1 
mM which were allowed to react for at least three days.  The liquid samples were directly 
injected into the Quattro II quadrupole mass spectrometer (Waters, Milford, MA) under positive 
electrospray ionization and without further purification.  The resulting mass spectra (data not 
shown) only identified bromide ion (Br-) in samples where the initial bromide concentration was 
1 mM, but tribromide ion was not detected, as no peaks were observed at mass-to-charge ratios 
corresponding to (singly or doubly) charged species of tribromide.  These results were not 
unexpected as consistent with the spectra in Figure 3.3c, the concentration of Br3- would be 
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expected to be relatively low.  In addition, the mass-to-charge ratio of tribromide is relatively 
low and may be outside the range in which the quadrupole mass analyzer can comfortably detect.   
Liquid chromatography was performed on samples containing monochloramine alone and 
monochloramine with 1 mM bromide.  Detection was performed using both a UV photodiode 
array spectrophotometer (HP Agilent 1100 HPLC, Agilent Technologies), and an ion trap mass 
spectrometer (LC/MSD Trap XCT Plus, Agilent Technologies).  A Zorbax Rapid Resolution 
SB-C18 3.5 µm particle size column (3.0 mm X 150 mm) was used with a 0.4 mL/min flow rate 
and a mobile phase of 100% 15 mM ammonium formate for 10 minutes, followed by 100% 
acetonitrile for 10 minutes.  Preliminary results showed that using UV detection, a peak at 266 
nm was observed at approximately 7.5 minutes, which is consistent with the qualitative spectra 
in Figure 3.3c.  However, using positive electrospray ionization, the mass spectrum 
corresponding to the UV peak of 266 nm does not show mass to charge peak patterns that would 
correspond to tribromide, although this could be due to the low mass-to-charge ratio of the 
compound or the low concentration, as was the case with ESI-MS.  Analysis of the resulting 
spectrum showed no distinct peak patterns and therefore no distinct compound could be 
identified.  The results from liquid chromatography support the initial findings that the 
unknown compound formed at high pH has a peak absorbance of 266 nm but the identity of this 
compound remains unresolved. 
Ion chromatography was used to analyze the following samples:  (i) 10 mM phosphate buffer; 
(ii) 0.2 mM monochloramine; (iii) 1 mM bromide; (iv) 0.2 mM monochloramine reacted with 1 
60 
mM bromide in phosphate buffer for three days; (v) 0.2 mM sodium bisulfate; (vi) 
tetrabutylammonium tribromide; and (vii) tetrabutylammonium bisulfate.  For identification 
purposes, tetrabutylammonium tribromide was used as the standard for tribromide ion and 
samples (v) and (vii) were run to eliminate peaks resulting from the tetrabutylammonium and 
bisulfate ions.  A Dionex ICS-2000 system with conductivity detection was used with 36 mM 
KOH eluent, 1 mL/min eluent flow rate, and a 25 µL injection loop.  Results obtained with both 
the Dionex IonPac AS18 and AS16 columns did not reveal the presence of tribromide.  For the 
AS18 column, there was no peak in the sample where monochloramine and bromide were 
reacted that would match that in the tribromide sample, although this could be because the low 
concentration of tribromide is below the detection limit of the instrument.  Using the AS16 
column, a peak with small area that may correspond to the unknown compound was observed at 
3.657 min in the sample where monochloramine and bromide were reacted, but the peak was 
distinct from that obtained with the tribromide sample.   
3.3.5. Assessment of Various Active Bromine Species for their NDMA Formation Potential 
To confirm the results of the ion chromatography analyses, experiments were performed to 
assess the direct formation of NDMA after 24 hours with various active bromine species.  At 
high pH when enhanced NDMA formation is observed, hypobromite ion (OBr−) predominates 
over hypobromous acid (HOBr).  Both species were tested for their potential in forming NDMA 
using: (i) 0.2 mM of OBr− only at pH = 9 (prepared as mentioned in the Materials and Methods 
section); and (ii) 0.2 mM of bromine, introduced as liquid bromine and which immediately 
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dissociates into HOBr and OBr−, at pH values of 6 and 9.  In addition, tribromide was tested 
using: (i) 0.2 mM tetrabutylammonium tribromide (C16H36N)Br3 standard which was used in the 
ion chromatography experiments; and (ii) experimentally-formed tribromide by reacting 0.4 mM 
bromide with 0.2 mM bromine (24).  Finally in the reaction between bromide and bromine to 
experimentally form tribromide, the introduction of liquid bromine to water may produce 
bromate (25), and so 0.2 mM bromate was tested as well.  Figure 3.4 depicts the concentration  
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Figure 3.4.  NDMA formation after 24 hours for various active bromine species at initial 
DMA concentration of 0.0005 mM and different pH conditions.  For all active bromine 
species, the initial target total equivalents was 0.4 meq/L.  *NDMA concentration for the 
experiments with hypobromite ion at pH = 9 was measured at 10 hours. 
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of NDMA formed after 24 hours for each of the bromine species tested.  Regardless of the pH 
or species used, the maximum concentration of NDMA observed was 140 ng/L, which is more 
than an order of magnitude lower than the level of NDMA formed in the experiments at high pH 
for the reaction between monochloramine and bromide (Figure 3.1).  The results of Figure 3.4 
indicate that none of the combinations of active bromine species tested directly caused the 
enhanced NDMA formation observed. 
3.3.6. Evaluation of the Role of the Unknown Compound in the Enhanced Formation of 
NDMA 
To evaluate the effect of the unknown compound on the formation of NDMA, two-step 
experiments were performed.  In the first step, monochloramine and bromide were allowed to 
react for four days at pH 8 in a “pre-form” period to first form the unknown compound.  The 
second step consisted of DMA addition with and without adjustment to pH 7 on the fourth day to 
begin NDMA formation.  Figure 3.5 compares the concentration of NDMA formed at pH 7 and 
8 after 24 hours for three samples.  Sample 1 provides the baseline comparison when 
monochloramine, bromide, and DMA are added simultaneously at pH 7 or 8, i.e., there is no 
pre-form period.  In Sample 2, the unknown compound was first formed at pH 8 for four days 
by reacting monochloramine and bromide before DMA was added with or without pH 
adjustment.  UV absorbance analyses (data not shown) confirmed that the unknown compound 
was present both with and without pH adjustment and that it remained at a steady concentration 
during the 24 hour reaction period (2nd Step) during which NDMA was produced.  As observed 
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in Figure 3.5, the concentration of NDMA formed in Samples 2 (when the unknown compound 
is present) is less than that formed in Samples 1 (when there is no unknown compound) at both 
pH 7 and 8, indicating that the unknown compound does not enhance NDMA formation.  To 
ensure that the results of Samples 2 were not affected by the age of the monochloramine, control 
samples (Samples 3) were run where monochloramine only was aged for four days at pH 8 
before (i) the pH was adjusted to 7 and DMA was added; and (ii) DMA and bromide were added 
together without pH adjustment (pH 8).  The aging of the monochloramine was performed at 
pH 8 to avoid disproportionation into dichloramine, which would occur at pH 7.  The results 
show that Samples 3 formed more NDMA than Samples 2, confirming that the lower 
concentration of NDMA formed in the presence of the unknown compound was not due to the 
age of the monochloramine.  It should be noted that enhanced NDMA formation was observed 
at pH 8 when DMA and bromide are added simultaneously, regardless of whether the 
monochloramine had been aged (Samples 1 and 3 at pH 8).  Additional experiments (data not 
shown) performed at pH 9 with [Br−] = 0.4 mM, and pH 8 with [Br-] = 0.04, 0.1, and 0.2 mM 
confirm the above findings.   
From the results above, it can be hypothesized that bromide enhances NDMA formation by 
either forming: (i) a Br-DMA intermediate; or (ii) a bromide-containing haloamine compound.  
However, since the bromide concentration in the experiments described in Figure 3.5 is always 
in excess, a Br-DMA intermediate should also be able to form in Samples 2, where the unknown 
compound was present but there was no enhanced NDMA formation.  The lack of enhanced 
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NDMA formation in Samples 2 therefore suggests that the mechanism by which bromide ion 
enhances NDMA formation lies in the reaction between bromide and monochloramine and the 
formation of a haloamine compound.  From the UV absorbance data of Figure 3.3, the two clear 
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Figure 3.5.  Effect of pre-forming the unknown compound prior to DMA addition at pH 7 and 
8.  Initial concentrations of reactants were monochloramine = 0.2 mM, bromide ion = 0.4 
mM, and DMA = 0.0005 mM. 
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compounds that were formed from monochloramine and bromide are the unknown compound at 
high pH (Figure 3.3b and c) and bromochloramine at low to neutral pH (Figure 3.3a).  Since the 
results in Figures 3.4 and 3.5 indicate that neither the unknown compound observed at high pH, 
hypobromous acid, hypobromite ion or tribromide, led to enhanced NDMA formation, the 
potential role of bromochloramine should be studied.  Although not detected in the UV 
absorbance data at pH 8 and 9, bromochloramine may be present at low concentrations.  As a 
mixed dihaloamine, its NDMA formation potential may be similar to that of dichloramine, which 
was shown to be higher than that of monochloramine (5, 26).  Furthermore, since 
bromochloramine cannot be obtained in pure form and it forms and decays relatively quickly 
(27), future work will also need to focus on obtaining the kinetics of NDMA formation over a 
short period of time (~10 hours) in order to analyze whether the rate of NDMA formation 
correlates with the presence of bromochloramine..  Studies of NDMA formation kinetics over a 
short period of time (~10 hours) are also important at low to neutral pH conditions because 
although no enhancement of NDMA formation was observed after 24 hours when bromide was 
present (Figure 3.1), it is possible that in the initial hours when bromochloramine is present, the 
rate of NDMA formation is higher as compared to the rate when no bromide is present.  
Bromochloramine, however, would both consume monochloramine and decompose relatively 
quickly (see Chapter 2) therefore resulting in a lack of enhancement of NDMA formation over 
24 hours.     
3.4. Supporting Information Available 
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Molar absorptivities for the species of interest; Calibration range and detection limit of the 
method for the three d6-NDMA concentrations used.  List of experimental conditions tested.  
Reaction scheme showing pathways that lead to the formation of bromochloramine and 
tribromide ion. This information is available in Appendix B.1. 
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CHAPTER 4 
KINETICS OF N-NITROSODIMETHYLAMINE (NDMA) FORMATION BY 
MONOCHLORAMINE AND BROMIDE ION 
Abstract – Kinetic experiments were performed for the formation of N-nitrosodimethylamine 
(NDMA) in the presence of bromide in the pH range of 6 – 9, and for initial monochloramine 
and dimethylamine concentrations of 0.2 and 0.0005 mM, respectively.  The results indicate 
that at low to neutral pH values of 6 and 7, the kinetics and yield of NDMA formation are largely 
determined by the rate at which the major oxidants, monochloramine and bromochloramine, are 
consumed.  At high pH values of 8 and 9, oxidant consumption is minimal and is characterized 
by increased NDMA yield observed with increasing bromide ion concentration.  Analysis of the 
initial rate of NDMA formation indicates that neither bromochloramine, nor any of the bromine 
species that participate in bromochloramine formation and decomposition, react directly with the 
precursor DMA to form NDMA.  
 
 
Keywords:  N-nitrosodimethylamine, NDMA, monochloramine, bromide, bromochloramine  
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4.1. Introduction 
N-nitrosodimethylamine (NDMA) is an emerging disinfection by-product which has been 
detected at more than 2 ng/L in almost 25% of public water utilities surveyed (1).  It is of 
concern because a concentration of only 0.7 ng/L has been estimated to represent a 10-6 lifetime 
cancer risk for the average adult (2).  The more stringent regulations set forth in the United 
States by the Stage 2 Disinfectants and Disinfection Byproducts (DBPs) Rule (3) for chlorinated 
disinfection by-products have resulted in many water utilities switching from free chlorine to 
monochloramine as a residual disinfectant (4).  However, the use of monochloramine has been 
shown to form significantly higher concentrations of NDMA as compared to the use of free 
chlorine which produces relatively low to not measurable NDMA (5-7).  In addition, studies 
have also demonstrated that in the presence of bromide ion, a natural constituent of waters, there 
is an increase in NDMA formation for waters treated with monochloramine (8, 9). 
The enhanced NDMA formation observed in the presence of bromide was initially hypothesized 
to be due to bromamines, formed through the oxidation of bromide ion by monochloramine (9).  
However, our recent studies (10) showed that at pH 9 where the precursor DMA was reacted 
with a relatively high concentration of bromamines, the level of NDMA formed was more than 
one order of magnitude lower than the NDMA concentration obtained through a solution of 
monochloramine and bromide.  These experimental data suggest that bromamines are not 
directly responsible for the increase in NDMA observed at high pH in the presence of bromide.  
Analysis of UV absorbance data demonstrated that at low-to-neutral pH, the main product for the 
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reaction of monochloramine and bromide is a mixed dihaloamine, bromochloramine (10, 11).  
Based on reaction schemes reported in the literature, it is known that the presence of 
bromochloramine also indicates the presence of other active bromine species such as 
hypobromous acid, bromine, and tribromide ion (11-17).  Our previous studies demonstrated 
that at pH 9 neither hypobromous acid, hypobromite ion, nor tribromide ion resulted by 
themselves in enhanced NDMA formation when compared to monochloramine alone (10).  
Bromochloramine and bromine were not tested for their potential in forming NDMA because the 
former cannot be obtained in pure form and the latter dissociates in water into hypobromous acid 
and/or hypobromite ion depending on the pH.  Due to the inability to directly test these species, 
one indirect way to evaluate their role in NDMA formation is to monitor their concentrations 
with time and determine whether these species can be correlated to NDMA concentration as a 
function of time.  In order to do so, kinetic data for NDMA formation is required. 
Kinetic data on NDMA formation from monochloramine and bromide ion is not as abundant as 
NDMA yield at fixed time points.  In the study of Valentine et al. (9), limited kinetic data (at 
reaction times of 1, 6, and 24 hours) was obtained at pH 7 and 8.5 in 4 mM carbonate buffer, 
with both pH values showing that a higher concentration of NDMA would form in the presence 
of bromide.  Chen et al. (8) provided a more detailed kinetic curve at pH 7 with data points 
collected up to 12 hours using an initial monochloramine to bromide molar ratio of 32:1.  The 
rate of NDMA formation in the presence of bromide was approximately twice that when bromide 
was absent; however there was no corresponding oxidant data collected and there were no kinetic 
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data sets available at other pH values or bromide concentrations.  Due to the limited kinetic data 
available, the present investigation seeks to: (i) obtain data describing the kinetics of NDMA 
formation at pH values within the range of 6 – 9 and initial monochloramine to bromide (molar) 
ratios of 5:1 to 1:5; and (ii) provide a qualitative analysis on the relationship between NDMA 
formation and the presence of bromochloramine. 
4.2. Materials and Methods 
4.2.1. Reagents 
Distilled deionized (DDI) water was used for all experiments.  All chemicals were reagent 
grade and used without further purification.  Dimethylamine hydrochloride (99%), 
N-nitrosodimethylamine (200 µg/mL in methanol), sodium sulfate (99+%), methanol (99.9+%), 
dichloromethane (99.9+%), acetone (99.5+%), and acetonitrile (99.9+%) were obtained from 
Sigma Aldrich (St. Louis, MO).  Ammonium chloride (99.8%), sodium bromide (99+%), 
sodium hypochlorite solution (5.65–6%), sodium phosphate monobasic monohydrate 
(98.0–102.0%), sodium phosphate dibasic heptahydrate (98.0–102.0%), and L+ ascorbic acid 
(99+%) were purchased from Fisher Scientific (Pittsburgh, PA).  A 1 mg/mL solution of 
N-nitrosodimethylamine-D6 (98%) in methylene chloride was purchased from Cambridge 
Isotope Laboratories (Andover, MA).  Solid phase extraction (SPE) cartridges Model 26032 
from Restek (Bellefonte, PA) for EPA Method 521 and empty glass SPE tubes with PTFE frits 
from Sigma Aldrich were used for NDMA extractions.   
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4.2.2. Preparation of Haloamines 
Monochloramine solutions were prepared as described previously by slowly adding diluted 
sodium hypochlorite to excess ammonium chloride in phosphate buffer at pH 9 under rapid 
mixing.  The concentration of all species of interest was obtained from UV spectrophotometry 
data as described previously (10).  Solutions of HClO4 and NaOH were used for pH adjustment 
and the pH was measured using an Accumet pH/ATC electrode (Fisher Scientific, Pittsburgh, PA) 
with saturated KCl filling solution.   
4.2.3. NDMA Formation and Analysis 
The full details for NDMA formation, extraction, and analysis have been described elsewhere 
(10).  In brief, batch reactions were conducted in 500 mL glass bottles wrapped in foil at room 
temperature (22±2°C) under gentle mixing.  All reactors contained 500 mL of 
phosphate-buffered solution which was allowed to equilibrate overnight prior to use.  Prior to 
the start of each experiment, predetermined stock solution volumes of bromide (500 mM) and 
monochloramine (20 mM) were added to each reactor.  The reaction was initiated with the 
addition of DMA stock solution.  Samples (2 mL) were taken from the reactor for analysis of 
oxidant concentrations before ascorbic acid (1 mL of 1.25 g in 50 mL DDI) was used to quench 
the remaining oxidant at predetermined times.  Samples for NDMA analysis were stored for a 
maximum of 3 days in a 4°C cold room prior to NDMA extraction.  NDMA-d6 was added to 
each reactor for isotope dilution mass spectrometry.  The reactor solution was passed through 
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solid phase extraction cartridges that were conditioned with dichloromethane, methanol, and 
DDI.  After the cartridges were dried under vacuum for 10 min, dichloromethane was used to 
elute the NDMA and NDMA-d6 from the cartridges.  The final extract was concentrated with 
ultra high purity nitrogen gas to 1 mL and stored at -80°C for up to 4 weeks until GC/MS 
analysis.  A 5 µL extract was injected into a Varian GC/MS 4000 (Palo Alto, CA) under positive 
chemical ionization (acetonitrile) mode.  The capillary column used was a Varian Factor Four 
VF-5ms, 30m length x 0.25mmID x 1µm film thickness.  The temperature programs used for 
the injector and the GC oven are described elsewhere (10).  The parent ions for NDMA and 
NDMA-d6 were m/z 75 and 81, respectively, while the daughter ions used for quantification 
were m/z 56 and 59, respectively.   
4.2.4. Experimental Conditions 
Experiments were performed to assess the kinetics of NDMA formation as a function of pH (6−9) 
and bromide concentration (0.04–1 mM) at fixed concentrations of 0.2 mM monochloramine and 
0.0005 mM DMA.  The duration of each experiment was either 9 – 10 hours or 1 week (168 
hours).  For pH 9, additional experiments with a duration of one hour were carried out to study 
the initial rate of NDMA formation.  For each experiment, oxidant concentrations were 
measured using UV spectrophotometry.  A summary of experimental conditions for all tests is 
presented in Table C.1 of Appendix C.1. 
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4.3. Results and Discussion 
4.3.1. Formation Kinetics of NDMA as a Function of Bromide Ion Concentration and pH 
Figures 4.1 – 4.4 present the kinetics of NDMA formation for [NH2Cl]0 = 0.2 mM, [DMA]0 = 
0.0005 mM, total phosphate = 10 mM, and a range of [Br-]0 = 0 – 1 mM at pH 6, 7, 8, and 9.  
As depicted in Figure 4.1, increasing the bromide ion concentration has a very strong effect on 
the final NDMA yield at pH 9, with NDMA concentrations exceeding 17,000 ng/L at a bromide 
concentration of 1 mM as compared to a yield of ≈3,500 ng/L when no bromide is present.  The 
rate of NDMA formation at pH 9 was very fast, resulting in a steady concentration of NDMA 
after only several hours at [Br-] = 0 mM and less than two days for non-zero bromide 
concentrations.  After reaching its final steady concentration, NDMA did not decompose within 
the span of one week.  At pH 7 (Figure 4.2), the effect of bromide was in general opposite to 
and not as significant as that observed at pH 9.  As bromide concentration was increased from 0 
to 1 mM, the final NDMA yield decreased, although the effect was minor at bromide 
concentrations below 0.1 mM.  Significant differences in NDMA yield were observed at higher 
bromide concentrations of 0.4 and 1 mM, where less than one third of the NDMA yield at [Br-] = 
0 mM was obtained.  In addition to the final yield, higher bromide concentrations also appeared 
to affect the time at which a steady level of NDMA was reached, with NDMA reaching steady 
levels faster when higher bromide concentrations were used.  Both the decrease in the NDMA 
yield and the shorter time to achieve steady NDMA levels at pH 7 when bromide was present are 
thought to be due to the depletion of oxidant. 
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Figure 4.1.  Kinetic data for [NH2Cl]0 = 0.2 mM, [DMA]0 = 0.0005 mM, and [Br-]0 = 0 – 1 
mM in 10 mM phosphate buffer at pH 9.  Top: model simulation lines for the decay of 
monochloramine; bottom: experimental data for NDMA formation and model simulation lines 
for the formation and decomposition of bromochloramine. 
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Figure 4.2.  Kinetic data for the formation of NDMA from [NH2Cl]0 = 0.2 mM, [DMA]0 = 
0.0005 mM, and [Br-]0 = 0 – 1 mM at pH 7.  Lines show model simulations for the 
decomposition of monochloramine and the formation and decomposition of bromochloramine. 
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At low to neutral pH, the reaction of monochloramine and bromide is relatively fast and its major 
product is bromochloramine.  A kinetic model developed in our previous studies (10) that 
allows the prediction of the concentration profiles of monochloramine and bromochloramine can 
be used to provide oxidant data at the conditions used in this study.  The model predictions are 
particularly useful at high pH when bromochloramine is below the detection limit of UV 
spectrometry.  Model simulations of both oxidants in Figure 4.2 show that at pH 7, regardless of 
bromide concentration, NDMA formation begins to level off at approximately the same time at 
which complete oxidant depletion occurs; this is especially evident at bromide concentrations of 
0.4 and 1 mM.  As a result, the NDMA yields at pH 7 shown in Figure 4.2 cannot be used to 
determine the true effect of bromide on NDMA formation because such yields are largely 
influenced by the rapid consumption of oxidant.  At a high pH of 9, the reactions that lead to 
oxidant depletion are slower and as illustrated in Figure 4.1, with the exception of the experiment 
in which [Br-] = 1 mM, both monochloramine and bromochloramine remain relatively stable as a 
function of time.  With the near constant concentrations of both oxidants, the NDMA yields at 
pH 9 therefore offer a more direct representation of the effect of bromide on NDMA formation.   
Figure 4.3 presents the kinetics of NDMA formation at pH 8 which show a transition between 
the effects observed at pH 9 and pH 7.  At pH 8, the NDMA yield increases as bromide ion 
concentration increases from 0 to 0.2 mM, similar to the effect observed at pH 9.  While 
monochloramine and bromochloramine both show decomposition at these conditions, the 
oxidants have not been fully depleted.  At bromide concentrations of 0.4 and 1 mM, oxidant 
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Figure 4.3.  Kinetic data for the formation of NDMA from [NH2Cl]0 = 0.2 mM, [DMA]0 = 
0.0005 mM, and [Br-]0 = 0 – 1 mM at pH 8.  Lines show model simulations for the 
decomposition of monochloramine and the formation and decomposition of bromochloramine.  
Note the break in the y-axis for the concentration of bromochloramine. 
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Figure 4.4.  Kinetic data for the formation of NDMA from [NH2Cl]0 = 0.2 mM, [DMA]0 = 
0.0005 mM, and [Br-]0 = 0 – 1 mM at pH 6.  Lines show model simulations for the 
decomposition of monochloramine and the formation and decomposition of bromochloramine. 
 
 
depletion begins to factor in, with the NDMA yield at [Br-] = 1 mM being slightly lower than the 
yield at [Br-] = 0.4 mM, similar to the effect observed at pH 7.  The importance of oxidant 
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depletion is confirmed with NDMA formation kinetics at pH 6, as shown in Figure 4.4.  In the 
absence of bromide, monochloramine undergoes a slow disproportionation into dichloramine and 
the formation of NDMA is slow, with concentrations only beginning to level off at ≈45 ng/L after 
seven days of reaction time.  However, all three bromide ion concentrations tested resulted in 
rapid consumption of oxidant.  With no oxidant available, NDMA formation was negligible 
(<10 ng/L).   
Figure 4.5 provides a summary of the effect of (a) bromide ion concentration and (b) pH on the 
NDMA yield under the conditions tested.  As previously discussed and as illustrated in Figure 
4.5a, NDMA yield increases in the presence of bromide at high pH values of 8 and 9, while 
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Figure 4.5.  (a) Effect of bromide ion concentration on the final NDMA yield for pH 6, 7, 8, 
and 9.  (b) Effect of pH on the final NDMA yield for [Br-] = 0 – 1 mM. 
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oxidant depletion at pH 6 and 7 result in lower NDMA yields.  The effect of pH can be clearly 
seen in Figure 4.5b, where an increase in NDMA yield is always observed with increasing pH for 
any given bromide ion concentration. 
4.3.2. Initial Rate of NDMA Formation as a Function of Bromide Ion Concentration and 
pH 
In the above analysis at low to neutral pH, the study of the relationship between NDMA 
formation and bromide concentration has been performed within time spans in which the 
concentration of oxidants decays significantly.  As a result, the correlations observed are a 
result of the combination of the real effect of bromide and the reduced availability of oxidant.  
In an attempt to evaluate the effect of bromide ion on NDMA formation without the factor of 
oxidant depletion, the initial rate of NDMA formation before the loss of all oxidants was 
examined at pH 7; the results are presented in Figure 4.6a.  As depicted in the figure, the initial 
rate of NDMA formation was slightly higher in the presence of bromide, which is consistent with 
the results of Chen et al. (8).  At a bromide concentration of 1 mM, the NDMA concentration 
begins to level off after six hours, consistent with the depletion of both monochloramine and 
bromochloramine in this time frame, as seen in Figure 4.6b.  Similarly at a bromide 
concentration of 0.2 mM, slightly higher levels of NDMA are formed as compared to the data set 
for 0 mM and a levelling off of NDMA formation occurs when oxidant depletion becomes 
important.  At both bromide concentrations, there exists a time at which the kinetic curve of 
NDMA formation will cross-over the corresponding kinetic curve in the absence of bromide; the  
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Figure 4.6.  Initial formation of NDMA from [NH2Cl]0 = 0.2 mM, [DMA]0 = 0.0005 mM, and 
[Br-]0 = 0, 0.2, and 1 mM at pH 7.  Lines show the model simulations for monochloramine and 
bromochloramine.  Note the break in the x-axis for both top and bottom panels, as well as the 
break in the y-axis for the top panel. 
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cross-over was observed at ≈24 and ≈10 hours for [Br-] = 0.2 and 1 mM, respectively (note the 
break in the x and y-axes).   
While the effect of bromide on the initial rate of NDMA formation was not overly significant, 
bromide ion does enhance NDMA formation even at pH 7 before oxidant depletion dominates.  
If bromide ion did not play a role in NDMA formation, the rapid consumption of 
monochloramine in the presence of 1 mM bromide would result in initial NDMA concentrations 
lower than the NDMA concentrations formed from monochloramine alone .  The observation 
that bromide ion enhances NDMA formation at pH 7 when oxidant depletion is not a major 
factor is consistent with the results of Chen et al. (8).  Using initial monochloramine 
concentration of 1 mM and bromide concentration of 31.25 µM, model simulations show that in 
the duration of 24 hours, only 20% of monochloramine has decayed and the bromochloramine 
concentration is relatively stable after it has formed.  Under these conditions, with no major 
consumption of oxidant, the kinetic data of Chen et al. shows that more NDMA is formed in the 
presence of bromide at all time points, including at 24 hours where ≈120 µg/L is formed versus 
≈65 µg/L from monochloramine alone. 
The kinetic results in Figure 4.1 reveal that at pH 9 the steady state concentrations of both 
NDMA and bromochloramine appear to increase in a proportional manner with increasing 
bromide concentration.  In addition, the time frames at which NDMA concentrations begin to 
plateau are also within those at which bromochloramine begins to level off.  Since at pH 9 the 
concentration of monochloramine is stable as a function of time, the seemingly proportional 
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increase of both NDMA and bromochloramine and the similar time frames of formation suggest 
a possible correlation between the formation of the two species.   
To address the apparent parallel between bromochloramine concentration and NDMA formation, 
Figure 4.7a presents data on the initial rate of NDMA formation at [Br-] = 0, 0.2, and 1 mM for 
pH 9.  Figure 4.7b shows that as bromide ion concentration is varied from 0 to 1 mM, 
bromochloramine formation begins immediately at time zero and its concentration increases with 
increasing bromide ion; however, despite the differences in bromochloramine concentration 
within the first hour, no difference was observed in NDMA formation.  The results therefore 
suggest that bromochloramine does not directly react with the precursor to form NDMA.  
Consistent with this observation, while bromide ion did result in a slight increase in the initial 
rate of NDMA formation at pH 7 (see Figure 4.6), the levels of NDMA formed at bromide 
concentrations of 0.2 and 1 mM were the same, while the corresponding bromochloramine 
concentrations formed at very different rates.   
Figure 4.8 provides a summary on the effects of (a) bromide ion concentration and (b) pH on the 
initial rate of NDMA formation.  At pH 9, the initial rate was found to be independent of 
bromide ion concentration, while pH 7 and 8 showed an increase in initial rate when bromide 
was present.  The effect of pH on the initial rate was shown to be the same at all bromide 
concentrations tested, including when bromide was zero, as seen in Figure 4.8b.  By plotting the 
logarithm of the initial rate on the y-axis as a function of pH, a straight line with slope = 1.4 was 
obtained.  The deviation of the slope from 1 towards a larger value indicates that the effect of  
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Figure 4.7.  Initial formation of NDMA from [NH2Cl]0 = 0.2 mM, [DMA]0 = 0.0005 mM, and 
[Br-]0 = 0, 0.2, and 1 mM at pH 9.  Lines show the model simulations for monochloramine and 
bromochloramine.  Note the break in the y-axis for the bottom panel. 
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Figure 4.8.  (a) Effect of bromide ion concentration on the initial rate of NDMA formation for 
pH 6, 7, 8, and 9.  (b) Effect of pH on the initial rate of NDMA formation for [Br-] = 0 – 1 mM. 
 
 
 
pH on NDMA formation is due to more than just the precursor, DMA, speciation (pKa = 10.7). 
4.3.3. Concentration Profiles of Active Bromine Species 
While bromochloramine may not have a direct involvement with the NDMA precursor, its 
formation and decomposition can lead to the presence of several other active bromine species.  
The model used to simulate the bromochloramine concentration profiles in the above figures can 
also be used to predict profiles for Br2, NBr2Cl, and bromamines.  Figure 4.9 presents the 
concentration profiles for bromochloramine, Br2, and NBr2Cl at (a) pH 7 and (b) pH 9 for 
[NH2Cl]0 = 0.2 mM, [DMA]0 = 0.0005 mM, and [Br-]0 = 0.4 mM.  As bromamines were 
already tested for their role in NDMA formation and found not to be directly responsible (10), 
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Figure 4.9.  Simulated concentration profiles for monochloramine, bromochloramine, Br2, and 
NBr2Cl at (a) pH 7 and (b) pH 9 for [NH2Cl]0 = 0.2 mM, [DMA]0 = 0.0005 mM, and [Br-]0 = 0.4 
mM.  Corresponding NDMA concentrations are plotted as well. 
 
 
their concentration profiles from the model are not shown.  As depicted in Figure 4.9, while 
Br2and NBr2Cl concentrations were on different orders of magnitude, they have identical 
concentration profiles and this was found to be true at all pH and bromide concentrations tested.  
Both species showed that at pH 9, their formation is immediate and their increase in 
concentration is slightly faster than that of bromochloramine.  Similar to the arguments for 
bromochloramine, the rapid formation of Br2 and NBr2Cl, combined with the lack of bromide ion 
effect on the initial rate of NDMA formation suggests that neither of these species reacts directly 
with the precursor to form NDMA.   
The results of this study suggest that the NDMA enhancement observed in the presence of 
bromide is not due to a reaction directly involving the DMA precursor, but to a reaction 
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involving an intermediate species in the conversion of DMA to NDMA.  Further studies are 
needed to assess the effect of the various bromine compounds with the intermediates proposed in 
literature, UDMH and chlorinated UDMH. 
4.3.4. Comparison of NDMA Kinetics in Absence of Bromide with Literature Model 
The lack of bromide ion effect on the initial rate of NDMA formation at pH 9 presents a 
challenge, as all bromine-containing species show immediate formation within this time frame.  
As the mechanism of NDMA enhancement is not clear, no attempt was made to correlate NDMA 
formation with a bromine species.  However, the experimental data on the formation of NDMA 
from monochloramine alone can be compared to models reported in the literature.  Currently, 
the most accepted NDMA formation model in the literature is that of Schreiber and Mitch (7).  
The model is based on the formation of NDMA from the dichloramine levels that have formed as 
a result of the disproportionation of monochloramine.  As observed in Figure 4.10, 
experimental data shows that the effect of pH is not due solely to DMA speciation.  The model 
of Schreiber and Mitch addressed this pH dependence by incorporating not just the acid-base 
speciation of DMA but also the acid-catalyzed disproportionation of monochloramine, and the 
speciation of the intermediate, UDMH (pKa = 7.2).  While NDMA was proposed to form from 
only the chlorinated-UDMH intermediate, there were additional parallel reactions, one of which 
was the oxidation of UDMH into DMA, the precursor itself.  Figure 4.10 presents the prediction 
from the Schreiber and Mitch model, along with the experimental data for the formation of 
NDMA from 0.2 mM monochloramine in the absence of bromide.  As illustrated in the figure,  
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Figure 4.10.  Comparison of the NDMA concentrations predicted by the Schreiber and Mitch 
model (lines) against experimental data (symbols) for [NH2Cl]0 = 0.2 mM, [DMA]0 = 0.0005 
mM, and [Br-]0 = 0 mM at pH 6, 7, 8, and 9.   
 
 
the data at pH 7 is predicted well by the model over the span of one week.  At pH 6, the 
Schreiber and Mitch model is able to predict the NDMA concentrations formed for the initial 10 
hours; after this time, the model over-predicts NDMA formation although the predicted values 
are still within an order of magnitude.  The model encounters greater difficulty predicting 
NDMA formation at pH 8 and 9, with the greatest challenge in its ability to predict the initial 
formation of NDMA.  At pH 8, the model under-predicts the formation in the first six hours by 
two orders of magnitude, with the discrepancy decreasing to one order of magnitude by the end 
of one week.  The under-prediction of the model is exacerbated at pH 9, where experimental 
data shows that most of the NDMA is formed in the first hour and it thereafter reaches a steady 
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level for the duration of the experiment.  The Schreiber and Mitch model predicts a slow rate of 
formation that gives concentration values four orders of magnitude lower than experimental 
points.  Once past the first hour, the model improves to allow for predictions that were within 
two to three orders of magnitude of experimental data.  The results therefore indicate that 
despite the incorporation of UDMH to form DMA and its acid-base speciation into the reaction 
model, there are reactions missing that would be needed to explain the pH effect observed. 
4.4. Supporting Information Available 
Summary of experiments.  This information is available in Appendix C.1. 
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CHAPTER 5 
CONCLUSIONS 
This dissertation focused on advancing the understanding of the mechanisms by which the 
disinfection byproduct N-nitrosodimethylamine (NDMA) forms in chloraminated waters 
containing bromide ion.  In particular, three aspects were investigated: (i) the role of different 
bromine species in the direct formation of NDMA upon reaction with NDMA precursor; (ii) the 
development of a model to predict the formation and decomposition of bromochloramine, which 
is the major product in the reaction of monochloramine and bromide; and (iii) the description of 
the kinetics of NDMA formation under various pH values and bromide ion concentrations, and 
the role that bromochloramine plays in such kinetics.  Specific conclusions that resulted from 
the work performed in these three aspects are: 
1. NDMA formation was enhanced in the presence of bromide after 24 hours of reaction 
time at pH 8 and 9 at initial reactant conditions of [NH2Cl]0 = 0.2 mM, [DMA]0 = 
0.0005 mM, and [Br-]0
2. The hypothesis in the literature that bromamines are responsible for the enhanced NDMA 
formation observed in the presence of bromide was tested at pH 9 and found to not be 
valid.  Kinetic data over the duration of 10 hours showed that a mixed solution of 
monobromamine and dibromamine formed a significantly lower level of NDMA as 
 = 0.04 – 1 mM.  In contrast, NDMA formation decreased at pH 6 
and 7 when bromide was present.  The trends observed were not affected by the buffer 
system used. 
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compared to a solution of monochloramine and bromide. 
3. UV spectral data for the reaction of monochloramine and bromide confirmed that at low 
to neutral pH, the mixed dihaloamine, bromochloramine, is the major reaction product.  
At the relatively high pH values of 8 and 9, an unknown compound with an absorbance 
peak at 266 nm appeared after several days.  The 266 nm wavelength of the absorbance 
peak is consistent with the presence of tribromide ion, Br3-
4. A kinetic model for the formation and decomposition of bromochloramine was developed 
in order to predict the concentration profiles of bromochloramine at high pH when its 
formation is below the detection limit of UV spectrometry.  The model consisted of one 
overall formation reaction and six decomposition reactions for bromochloramine, and 
two decay reactions for bromamines.   
.  “Pre-form” experiments 
where the unknown compound was first formed and then reacted with the DMA 
precursor showed that the enhanced NDMA formation observed in the presence of 
bromide was not due to this unknown compound. 
•  The rate constant for the reaction between monochloramine and bromide ion was 
found to be 1.17×109 M-2h-1 
•  Bromochloramine formation was found to not be general-acid catalyzed 
at an ionic strength of 0.1 M and T = 23.7 ± 1°C.    
•  Bromochloramine decomposition was shown to be general-base catalyzed. 
•  Validation of the model using experimental conditions outside of those used in the 
development of the model showed that both monochloramine and 
bromochloramine concentration profiles can be predicted well under most 
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conditions.  Exceptions that showed a lower degree of accuracy in the 
predictions occurred at low pH values (pH 6) and when high monochloramine 
concentrations (2.5 mM) were reacted with low bromide concentrations (0.25 
mM). 
5. Experimental data describing the kinetics of NDMA formation over one week showed 
that at pH 9 for all bromide concentrations tested, NDMA formation is relatively fast and 
the majority of the NDMA is formed in the first 10 hours.  NDMA formation was slower 
as the pH was decreased to pH 7.   
6. The results of the kinetic experiments on NDMA formation were consistent with the 
results obtained at 24 hours (see item 1 above), where the presence of bromide resulted in 
enhanced NDMA formation at high pH and decreased NDMA formation at low to neutral 
pH.   
7. The decreased NDMA formation observed at low to neutral pH in the week-long 
formation kinetic experiments was attributed to loss of oxidants (both monochloramine 
and bromochloramine).  Bromide ion was shown to slightly increase NDMA formation 
at pH 7 in the initial hours of reaction, before oxidant consumption becomes significant, 
thereby indicating that the effect of bromide on NDMA formation is a combination of 
bromide acting to (i) enhance NDMA formation through its chemistry with 
monochloramine and (ii) consume oxidants which leads to a halt in NDMA formation. 
8. The kinetic model developed for bromochloramine was used to predict bromochloramine 
kinetics at pH 9.  The model showed that bromochloramine formation kinetics increased 
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with increasing bromide concentrations and were seemingly proportional to the 
experimental NDMA formation kinetics.  However, initial rate studies showed that 
within the first hour at pH 9, NDMA formation was independent of bromide 
concentration, thus suggesting that bromochloramine does not directly react with the 
NDMA precursor.  Model simulation results for Br2 and NBr2Cl also show that their 
concentrations increase with bromide concentration and that as a result, Br2 and NBr2
9. Hypobromous acid (HOBr), hypobromide ion (OBr
Cl 
do not participate in a direct reaction with the NDMA precursor either. 
-), and tribromide ion (Br3-) – all 
active bromine species which are known to be present when bromochloramine is present 
– were tested for their direct role in the formation of NDMA after 24 hours of reaction 
time.  All compounds tested were found to form significantly lower levels of NDMA as 
compared to the levels observed for solutions of monochloramine and bromide.  As a 
result, HOBr, OBr- and Br3-
10. Experimental results indicate that bromide-containing oxidants do not react with the 
NDMA precursor tested (DMA).  This suggests that bromide ion enhances NDMA 
formation possibly through the reaction of an intermediate species with a 
bromide-containing oxidant.   
 are not responsible for the enhanced NDMA formation 
observed in the presence of bromide. 
11. Current models in the literature describing the formation of NDMA from 
monochloramine alone were not able to accurately predict NDMA concentrations over 
the course of one week, especially at high pH with differences of 2 – 4 orders of 
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magnitude.  The poor predictions indicate that despite considering DMA speciation, 
UDMH speciation, and acid catalyzed reactions for the disproportionation of 
monochloramine, the NDMA formation models in the literature are still missing reactions 
to account for the significant pH effect observed.   
Using the bromochloramine kinetic model, the concentration profiles of all oxidants can be 
predicted at conditions closer to those of real waters.  Model simulations show that assuming a 
monochloramine concentration of 10 mg/L as Cl2
At relatively low pH conditions, the disproportionation of monochloramine into dichloramine 
also needs to be considered and is found to be the dominant monochloramine reaction, with the 
majority of monochloramine loss being due to disproportionation rather than to the reaction of 
monochloramine with bromide.  While dichloramine has already been shown in the literature to 
form more NDMA than monochloramine, it is not known whether the product from a reaction of 
dichloramine with bromide will also have a high NDMA formation potential.   
 for a natural water with a pH in the range of 
6.5 – 8.5 and an average bromide concentration of 100 µg/L, less than 20% of monochloramine 
will have reacted with bromide after one week of contact time.  Bromochloramine formation is 
slow and its concentration remains low (< 0.7 mg/L), with no net decomposition even after one 
week.  The model predictions indicate that at these conditions oxidant loss will not be 
significant and therefore an enhancement of NDMA formation is expected when bromide is 
present, even at the relatively low pH of 6.5.   
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The implications of the results from this dissertation to water treatment are that under real water 
conditions, bromide is expected to enhance NDMA formation if pre-formed monochloramine is 
used.  Bromide removal through ion exchange or other means is suggested prior to addition of 
monochloramine; if not possible, high pH values should be avoided, as NDMA formation 
increases significantly with increasing pH.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
102 
 
CHAPTER 6 
FUTURE RESEARCH DIRECTION 
The results obtained have helped to draw specific conclusions on how bromide ion affects 
NDMA formation in the presence of monochloramine.  However, in analyzing the data, 
additional research questions arose and are listed below: 
1. Which reactions among those involved in bromochloramine decomposition are 
general-base catalyzed?  Experimental data showed that increasing both total ammonia 
and phosphate concentrations resulted in an increase in the decomposition of 
bromochloramine.  Additionally, carbonate should also be investigated for its effect in 
catalysis as it is the natural buffering system in real waters. 
2. The lack of effect of bromide concentration on the initial rate of NDMA formation at pH 
9 indicates that bromide ion does not affect, in the NDMA formation scheme, a reaction 
step involving the DMA precursor.  Can it be shown that bromide ion enhances NDMA 
formation through an intermediate step by performing experiments where (i) 
monochloramine and bromide are reacted with an intermediate such as UDMH or 
chlorinated UDMH? (ii) DMA precursor is first reacted with monochloramine for a given 
amount of time before bromide is introduced to the reactor solution? (iii) different active 
bromine species are added to a solution of monochloramine, bromide, and DMA at 
different stages of the reaction? 
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3. Can we obtain experimental data to prove that at low to neutral pH (6 to 7) bromide will 
enhance NDMA formation when oxidant loss is not significant?  Despite initial rate data 
showing a slight increase in NDMA formation at pH 7 for the first few hours of reaction 
time, kinetic data over a longer period of time is needed using conditions that would 
simulate real waters, where the monochloramine to bromide molar ratio may be ~100.  
It is expected that under these conditions, bromochloramine formation will be slow, with 
no net decomposition and no significant oxidant loss to halt the formation of NDMA. 
4. For conditions relevant to real waters when monochloramine disproportionation to 
dichloramine is expected to dominate at low pH, will dichloramine react with bromide to 
form a product that is capable of forming NDMA?  What will the NDMA formation 
potential of this product be?  Experimental results show that there is a significant pH 
effect, with NDMA formation increasing with increasing pH – this suggests that 
application of pre-formed monochloramine to waters containing bromide be performed at 
relatively low to neutral pH; however, there is a need to determine whether the reaction 
of dichloramine with bromide will cause additional enhancement of NDMA. 
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APPENDIX A 
APPENDICES FOR CHAPTER 2 
Appendix A.1.  Supporting Information for Chapter 2 
 
Summary of Contents: 
• Ten pages 
• Figure A.1.  Effect of ammonia on the rate of monochloramine decay at pH 7, [NH2Cl]0 
= 0.2 mM, [Br-]0 = 1 mM, µ = 0.1 M, and T = 23.7°C. 
• Figure A.2.  Determining the order of the reaction with respect to each of the three 
reactants:  monochloramine, bromide, and hydrogen. 
• Figure A.3.  Comparison of model simulation with experimental data for varying 
monochloramine N:Cl ratios at pH 7, [NH2Cl]0 = 0.2 mM, [Br-]0 = 1 mM, µ = 0.1 M, 
CT,PO4 = 10 mM, and T = 23.7°C. 
• Figure A.4.  Comparison of model simulation with experimental data for varying initial 
bromide ion concentration at pH 6, [NH2Cl]0 = 0.2 mM, N:Cl ratio of 2:1, µ = 0.1 M, 
CT,PO4 = 10 mM, and T = 23.7°C. 
• Figure A.5.  Comparison of model simulation with experimental data for varying initial 
monochloramine and bromide ion concentrations at pH 7, N:Cl ratio of 2:1, µ = 0.1 M, 
CT,PO4 = 10 mM, and T = 23.7°C. 
• Figure A.6.  Model validation at pH 7, [NH2Cl]0 = 0.6 mM, µ ≤ 0.03 M, CT,PO4 = 10 mM, 
T = 23.7°C, and a monochloramine N:Cl ratio of 6:1. 
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• Figure A.7.  Model validation at pH 7, [NH2Cl]0 = 2.3 mM, µ ≤ 0.05 M, CT,PO4 = 10 mM, 
T = 23.7°C, and a monochloramine N:Cl ratio of 6:1. 
• Figure A.8.  Model validation at µ ≤ 0.041 M, CT,PO4 = 10 mM, T = 23.7°C, and a 
monochloramine N:Cl ratio of 6:1 for pH 8, [NH2Cl]0 = 1.25 mM and pH 6, [NH2Cl]0 = 
1.10 mM. 
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Figure A.1.  Effect of ammonia on the rate of monochloramine decay at pH 7, [NH2Cl]0 = 0.2 
mM, [Br-]0 = 1 mM, µ = 0.1 M, and T = 23.7°C.  Data was obtained at three different total 
phosphate concentrations: (i) 10 mM (circles); (ii) 9 mM (squares); and (iii) 15 mM (triangles).  
Dotted line shows the line of best fit through all data, with the slope equal to the reaction order 
for ammonia. 
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Figure A.2.  Determining the order of the reaction with respect to each of the three reactants:  
monochloramine, bromide, and hydrogen.  Experiments were performed at 25°C, CT,PO4 = 10 
mM, and a monochloramine N:Cl ratio of 2:1.  The baseline condition was [NH2Cl]0 = 0.2 mM, 
[Br−]0 = 1 mM, and pH = 7.  The effect of monochloramine was evaluated at [Br-]0 = 2, 3, and 4 
mM. 
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Figure A.3.  Comparison of model simulation (lines) with experimental data (symbols) for 
varying monochloramine N:Cl ratios at pH 7, [NH2Cl]0 = 0.2 mM, [Br-]0 = 1 mM, µ = 0.1 M, 
CT,PO4 = 10 mM, and T = 23.7°C.  Top panel: monochloramine; bottom panel: bromochloramine. 
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Figure A.4.  Comparison of model simulation (lines) with experimental data (symbols) for 
varying initial bromide ion concentration at pH 6, [NH2Cl]0 = 0.2 mM, N:Cl ratio of 2:1, µ = 0.1 
M, CT,PO4 = 10 mM, and T = 23.7°C.  Top panel: monochloramine; bottom panel: 
bromochloramine. 
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Figure A.5.  Comparison of model simulation (lines) with experimental data (symbols) for 
varying initial monochloramine and bromide ion concentrations at pH 7, N:Cl ratio of 2:1, µ = 
0.1 M, CT,PO4 = 10 mM, and T = 23.7°C.  Top panel: monochloramine; bottom panel: 
bromochloramine. 
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Figure A.6.  Model validation at pH 7, [NH2Cl]0 = 0.6 mM, µ ≤ 0.03 M, CT,PO4 = 10 mM, T = 
23.7°C, and a monochloramine N:Cl ratio of 6:1.  Experimental data (symbols) and model 
simulation (lines) are plotted for monochloramine (top) and bromochloramine (bottom). 
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Figure A.7.  Model validation at pH 7, [NH2Cl]0 = 2.3 mM, µ ≤ 0.05 M, CT,PO4 = 10 mM, T = 
23.7°C, and a monochloramine N:Cl ratio of 6:1.  Experimental data (symbols) and model 
simulation (lines) are plotted for monochloramine (top) and bromochloramine (bottom). 
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Figure A.8.  Model validation at µ ≤ 0.041 M, CT,PO4 = 10 mM, T = 23.7°C, and a 
monochloramine N:Cl ratio of 6:1 for various bromide concentrations.  [NH2Cl]0 = 1.25 mM (pH 
8) and [NH2Cl]0 = 1.10 mM (pH 6).  Experimental data (symbols) and model simulation (lines) 
are plotted for monochloramine (top) and bromochloramine (bottom). 
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Appendix A.2.  Results of UV Spectrometry Data and their Corresponding Oxidant 
Concentrations with Model Simulation Lines 
 
Note:  Table 2.2 from Chapter 2 is repeated below to allow for easy identification of 
experiments.  Each experiment contains two figures: (i) exp#UV = unprocessed UV absorbance 
data; and (ii) exp#OX = oxidant concentrations along with their model simulations 
 
 
      
Exp # 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM)   pH 
CT,PO4 
(mM) 
CT,NH3 
(mM) 
µ               
(M) 
     
Effect of pH     
1 0.21 1.00 8.01 10 0.20 0.10 
2 0.21 1.00 7.73 10 0.20 0.10 
3 0.21 1.00 7.49 10 0.21 0.10 
4 0.20 1.00 7.22 10 0.21 0.10 
5 0.21 1.00 7.00 10 0.21 0.10 
6 0.21 1.00 6.72 10 0.21 0.10 
7 0.20 1.00 6.47 10 0.21 0.10 
8 0.21 1.00 6.24 10 0.20 0.10 
9 0.20 1.00 5.99 10 0.20 0.10 
       
Effect of Br     
5 0.21 1.00 7.00 10 0.21 0.10 
10 0.20 2.03 6.96 10 0.20 0.10 
11 0.20 3.02 6.99 10 0.20 0.10 
12 0.20 4.03 6.99 10 0.20 0.10 
13 0.21 7.00 6.99 10 0.20 0.10 
14 0.21 10.0 6.98 10 0.20 0.10 
       
Effect of Monochloramine     
15 0.99 5.00 7.00 10 1.02 0.10 
16 0.79 4.00 7.01 10 0.82 0.10 
17 0.61 3.00 7.01 10 0.60 0.10 
18 0.40 2.00 7.02 10 0.41 0.10 
19 0.10 0.50 7.03 10 0.097 0.10 
       
Effect of phosphate     
20 0.21 1.00 6.98 5 0.20 0.10 
21 0.19 1.00 6.98 5 0.22 0.10 
22 0.21 1.00 7.00 5 0.20 0.10 
23 0.21 1.00 6.99 9 0.20 0.098 
5 0.21 1.00 7.00 10 0.21 0.10 
24 0.21 1.00 6.98 15 0.19 0.11 
25 0.21 1.00 6.99 15 0.20 0.11 
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Exp # 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM)   pH 
CT,PO4 
(mM) 
CT,NH3 
(mM) 
µ               
(M) 
       
26 0.19 1.00 6.97 15 0.22 0.10 
27 0.21 1.00 6.99 15 0.20 0.10 
28 0.21 1.00 6.98 25 0.20 0.12 
29 0.20 1.00 6.99 25 0.21 0.10 
30 0.19 1.00 7.01 50 0.21 0.11 
     
Effect of ammonia     
31 0.19 1.00 7.01 10 0.010 0.10 
32 0.21 1.00 6.98 10 0.088 0.10 
24 0.21 1.00 6.98 15 0.19 0.11 
23 0.21 1.00 6.99 9 0.20 0.098 
26 0.19 1.00 6.97 15 0.22 0.10 
25 0.21 1.00 6.99 15 0.20 0.11 
27 0.21 1.00 6.99 15 0.20 0.10 
5 0.21 1.00 7.00 10 0.21 0.10 
33 0.20 1.00 6.98 15 1.00 0.11 
34 0.20 1.00 7.00 9 1.00 0.098 
35 0.21 1.00 6.97 15 1.79 0.11 
36 0.21 1.00 6.99 9 3.80 0.098 
37 0.21 1.00 6.98 10 3.80 0.10 
38 0.21 1.00 7.00 10 9.81 0.10 
       
Additional     
39 0.20 2.01 6.00 9.99 0.21 0.10 
40 0.20 3.00 5.98 9.99 0.21 0.10 
41 0.19 4.02 5.97 9.99 0.22 0.10 
42 0.80 40.0 7.02 10 0.86 0.10 
43 0.60 30.0 7.00 10 0.66 0.10 
44 0.39 20.0 7.01 10 0.45 0.10 
45 0.37 4.01 7.01 10 0.47 0.10 
46 1.00 50.0 7.01 50 0.082 0.50 
47 0.98 50.0 7.04 53 0.11 0.50 
       
Validation     
48 0.603 0.12 7.01 9.9 3.10 0.023 
49 0.615 0.24 7.01 9.9 3.15 0.023 
50 0.603 0.62 7.01 9.9 3.10 0.024 
51 0.614 1.25 7.01 9.9 3.15 0.024 
52 0.603 3.14 7.01 9.9 3.10 0.026 
53 0.614 6.25 7.01 9.9 3.15 0.030 
54 2.33 0.25 7.00 9.9 12.6 0.035 
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Exp # 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM)   pH 
CT,PO4 
(mM) 
CT,NH3 
(mM) 
µ               
(M) 
       
55 2.32 0.50 7.01 9.9 12.5 0.035 
56 2.33 1.26 7.00 9.9 12.6 0.036 
57 2.32 2.53 7.01 9.9 12.5 0.037 
58 2.33 6.30 7.00 9.9 12.6 0.041 
59 2.32 12.5 7.01 9.9 12.5 0.047 
60 1.23 0.26 8.02 9.9 6.11 0.035 
61 1.23 1.25 8.02 9.9 6.11 0.036 
62 1.23 6.30 8.02 9.9 6.11 0.041 
63 1.09 0.25 5.98 9.89 6.32 0.019 
64 1.09 1.26 5.98 9.89 6.32 0.020 
65 1.12 6.26 5.98 9.89 6.30 0.025 
       
Representative Controls     
66 0.20 0 5.97 10 0.21 0.10 
67 0.20 0 7.00 10 0.21 0.10 
68 0.20 0 8.02 10 0.21 0.10 
69 0.21 0 9.00 10 0.21 0.10 
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NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
129 
 
 
13UV 
 
 
 
 
13OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 min
0.5 min
2.4 min
4.4 min
6.3 min
8.2 min
10.2 min
12.1 min
14.2 min
16.5 min
19.0 min
21.2 min
25.7 min
33.5 min
39.6 min
43.5 min
47.3 min
51.1 min
57.1 min
62.8 min
69.0 min
106.0 min
Time (hr)
0.0 0.5 1.0 1.5 2.0 2.5
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
130 
 
 
14UV 
 
 
 
 
14OX 
 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 min
0.7 min
2.5 min
4.4 min
8.2 min
10.5 min
14.3 min
18.3 min
22.0 min
25.8 min
27.7 min
31.8 min
33.7 min
37.5 min
39.6 min
43.7 min
48.4 min
81.5 min
Time (hr)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
131 
 
 
15UV 
 
 
15OX 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.0
0.1
0.2
0.3
0.4
0.5
0 min
0.7 min
3.0 min
5.0 min
6.9 min
8.8 min
11.0 min
13.0 min
14.9 min
17.1 min
19.0 min
21.0 min
22.9 min
24.8 min
26.9 min
28.8 min
31.1 min
33.0 min
35.0 min
37.2 min
39.3 min
41.2 min
43.3 min
45.4 min
47.4 min
49.6 min
52.7 min
55.0 min
59.4 min
63.8 min
67.6 min
69.9 min
74.0 min
76.0 min
79.9 min
81.8 min
85.8 min
88.0 min
92.1 min
94.6 min
98.4 min
100.4 min
104.2 min
106.3 min
112.2 min
Time (hr)
0.0 0.5 1.0 1.5 2.0 2.5 3.0
C
on
ce
nt
ra
tio
n 
(m
M
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
132 
 
 
16UV 
 
 
 
 
16OX 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.0
0.1
0.2
0.3
0.4
0 min
0.8 min
2.8 min
6.6 min
9.0 min
12.8 min
16.7 min
21.0 min
25.1 min
29.0 min
33.0 min
37.0 min
41.4 min
45.4 min
47.5 min
51.4 min
53.3 min
57.2 min
61.5 min
65.5 min
69.1 min
73.0 min
77.2 min
81.2 min
85.6 min
89.7 min
93.6 min
97.6 min
102.5 min
106.4 min
110.6 min
114.7 min
119.4 min
123.4 min
127.9 min
132.6 min
136.7 min
140.8 min
149.1 min
Time (hr)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
C
on
ce
nt
ra
tio
n 
(m
M
)
0.0
0.2
0.4
0.6
0.8
1.0
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
133 
 
 
17UV 
 
 
17OX 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0 min
0.7 min
2.6 min
4.7 min
6.6 min
10.8 min
12.7 min
14.7 min
16.6 min
20.5 min
22.6 min
24.4 min
26.3 min
30.5 min
32.6 min
34.6 min
36.6 min
40.4 min
42.3 min
44.3 min
46.2 min
51.2 min
53.5 min
57.5 min
61.9 min
66.3 min
72.8 min
76.6 min
82.5 min
86.4 min
92.7 min
96.6 min
102.5 min
106.4 min
112.9 min
119.6 min
127.4 min
131.4 min
139.3 min
143.4 min
151.6 min
156.3 min
167.1 min
171.3 min
182.7 min
Time (hr)
0 1 2 3 4 5
C
on
ce
nt
ra
tio
n 
(m
M
)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
134 
 
 
18UV 
 
 
 
 
18OX 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.05
0.10
0.15
0.20
0 min
0.6 min
4.3 min
10.8 min
14.7 min
20.5 min
24.4 min
30.7 min
34.6 min
40.5 min
44.5 min
50.9 min
57.9 min
65.5 min
69.5 min
77.4 min
81.7 min
89.7 min
92.4 min
105.2 min
109.4 min
116.8 min
122.6 min
129.7 min
135.8 min
143.6 min
152.1 min
160.0 min
168.5 min
174.4 min
180.2 min
188.5 min
196.0 min
204.2 min
212.5 min
220.6 min
229.3 min
237.7 min
246.3 min
259.5 min
Time (hr)
0 1 2 3 4 5
C
on
ce
nt
ra
tio
n 
(m
M
)
0.0
0.1
0.2
0.3
0.4
0.5
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
135 
 
 
19UV 
 
 
 
 
19OX 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.01
0.02
0.03
0.04
0.05
0 min
0.6 min
4.3 min
10.4 min
16.6 min
22.4 min
28.7 min
35.1 min
40.9 min
48.7 min
55.5 min
61.2 min
67.1 min
77.8 min
87.7 min
97.5 min
107.6 min
117.3 min
128.8 min
139.5 min
149.7 min
159.6 min
169.7 min
179.6 min
193.1 min
206.2 min
218.8 min
229.8 min
245.3 min
253.8 min
281.1 min
297.0 min
317.1 min
341.2 min
357.9 min
375.5 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.02
0.04
0.06
0.08
0.10
0.12
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
136 
 
 
20UV 
 
 
 
 
20OX 
 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.5 min
9.6 min
19.1 min
26.3 min
36.1 min
45.9 min
55.2 min
65.4 min
75.4 min
85.4 min
95.2 min
105.4 min
115.3 min
125.4 min
135.5 min
145.5 min
156.2 min
165.4 min
175.3 min
190.3 min
205.3 min
221.2 min
235.4 min
250.9 min
265.6 min
280.3 min
301.0 min
320.7 min
340.2 min
360.6 min
369.8 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
137 
 
 
21UV 
 
 
 
 
21OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.6 min8.4 min
16.9 min
25.3 min
35.0 min
44.0 min
54.4 min
64.5 min
74.3 min
84.4 min
94.0 min
104.4 min
114.9 min
124.2 min
134.6 min
144.0 min
154.1 min
164.0 min
174.1 min
189.0 min
204.1 min
222.2 min
235.0 min
249.0 min
264.2 min
279.1 min
299.0 min
319.0 min
339.0 min
360.1 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
138 
 
 
22UV 
 
 
 
 
22OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.6 min9.2 min
18.0 min
26.8 min
37.4 min
47.1 min
56.5 min
66.5 min
76.7 min
86.5 min
96.5 min
106.5 min
116.5 min
126.8 min
136.5 min
146.5 min
159.5 min
174.5 min
189.6 min
204.5 min
219.5 min
234.6 min
249.5 min
264.5 min
279.7 min
300.1 min
320.2 min
339.5 min
360.5 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
139 
 
 
23UV 
 
 
 
 
23OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.6 min9.0 min
17.7 min
22.3 min
31.5 min
41.5 min
50.1 min
60.1 min
70.4 min
80.1 min
90.1 min
100.8 min
110.3 min
120.2 min
130.4 min
140.2 min
150.1 min
160.2 min
175.2 min
190.6 min
205.1 min
220.1 min
235.6 min
250.2 min
265.4 min
280.5 min
300.3 min
320.6 min
341.2 min
360.1 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
140 
 
 
24UV 
 
 
 
 
24OX 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.6 min4.5 min
11.3 min
19.7 min
29.3 min
38.5 min
47.6 min
58.7 min
67.7 min
77.3 min
87.0 min
96.9 min
107.1 min
116.5 min
125.7 min
136.3 min
146.1 min
155.9 min
166.3 min
176.1 min
189.1 min
203.7 min
219.1 min
233.7 min
249.1 min
264.1 min
278.9 min
298.7 min
319.2 min
338.8 min
359.0 min
372.5 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
141 
 
 
25UV 
 
 
 
 
25OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.6 min9.5 min
18.6 min
22.9 min
33.1 min
42.7 min
51.9 min
62.1 min
72.1 min
82.4 min
92.0 min
102.0 min
112.2 min
122.2 min
132.8 min
142.3 min
152.9 min
162.2 min
172.1 min
187.7 min
202.0 min
218.0 min
232.2 min
247.8 min
262.4 min
277.0 min
297.6 min
317.8 min
336.9 min
357.4 min
368.7 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
142 
 
 
26UV 
 
 
 
 
26OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.6 min9.0 min
13.3 min
21.9 min
32.1 min
40.7 min
50.9 min
60.9 min
70.7 min
80.9 min
90.4 min
101.0 min
111.4 min
120.8 min
131.1 min
140.5 min
150.6 min
160.5 min
170.5 min
185.5 min
200.7 min
218.6 min
231.4 min
245.6 min
260.7 min
275.5 min
295.5 min
315.5 min
336.8 min
360.1 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
143 
 
 
27UV 
 
 
 
 
27OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.6 min9.4 min
17.8 min
28.7 min
38.7 min
47.5 min
57.5 min
67.9 min
77.7 min
87.8 min
97.7 min
107.4 min
118.0 min
127.5 min
137.5 min
150.6 min
165.5 min
180.7 min
195.6 min
211.1 min
225.6 min
240.7 min
255.7 min
270.9 min
291.1 min
311.4 min
333.1 min
360.0 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
144 
 
 
28UV 
 
 
 
 
28OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.5 min9.2 min
18.0 min
28.4 min
38.0 min
47.5 min
57.5 min
67.1 min
77.5 min
87.1 min
97.3 min
107.4 min
117.3 min
128.3 min
137.5 min
148.0 min
157.4 min
167.2 min
182.8 min
197.1 min
213.1 min
227.3 min
243.4 min
257.6 min
272.1 min
292.7 min
313.8 min
332.0 min
352.5 min
366.1 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
145 
 
 
29UV 
 
 
 
 
29OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0.5 min9.0 min
17.5 min
27.6 min
36.3 min
46.5 min
56.4 min
66.3 min
76.5 min
86.0 min
96.6 min
106.9 min
116.5 min
126.9 min
136.0 min
146.2 min
156.1 min
166.1 min
181.1 min
196.3 min
214.3 min
227.1 min
241.3 min
256.3 min
271.1 min
291.6 min
311.1 min
332.7 min
360.2 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
146 
 
 
30UV 
 
 
 
 
30OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0 min0.6 min
2.5 min
12.2 min
26.8 min
28.9 min
39.7 min
50.5 min
60.3 min
70.7 min
81.1 min
93.1 min
103.7 min
115.1 min
125.4 min
135.5 min
145.9 min
156.3 min
166.4 min
176.7 min
232.1 min
197.1 min
208.7 min
219.2 min
230.3 min
250.7 min
269.6 min
295.4 min
313.9 min
334.1 min
361.0 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
147 
 
 
31UV 
 
 
31OX 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 min
0.8 min
2.7 min
4.7 min
6.8 min
8.8 min
10.7 min
12.6 min
14.5 min
16.4 min
18.7 min
20.1 min
23.9 min
25.9 min
31.0 min
37.3 min
45.6 min
49.8 min
56.9 min
63.0 min
74.2 min
84.0 min
93.6 min
105.9 min
118.2 min
125.6 min
141.2 min
150.8 min
168.4 min
179.0 min
189.1 min
199.5 min
209.4 min
220.1 min
232.0 min
242.9 min
253.8 min
274.3 min
295.0 min
315.4 min
336.1 min
358.4 min
378.8 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
148 
 
 
32UV 
 
 
 
 
32OX 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 min
0.6 min
2.5 min
6.6 min
8.5 min
10.7 min
14.6 min
20.9 min
26.1 min
28.1 min
39.0 min
49.2 min
58.7 min
71.1 min
81.3 min
95.1 min
110.1 min
124.6 min
137.4 min
148.3 min
158.1 min
168.5 min
178.5 min
189.1 min
201.1 min
212.0 min
222.9 min
243.4 min
264.1 min
284.9 min
305.2 min
327.6 min
347.9 min
367.5 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
149 
 
 
33UV 
 
 
 
 
33OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.7 min
5.7 min
13.7 min
22.9 min
32.0 min
41.1 min
52.2 min
61.3 min
71.2 min
80.6 min
90.5 min
101.1 min
110.2 min
119.7 min
129.8 min
139.7 min
149.7 min
159.9 min
169.8 min
182.6 min
197.3 min
213.1 min
228.1 min
243.0 min
257.6 min
272.6 min
292.4 min
313.1 min
332.5 min
352.8 min
368.9 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
150 
 
 
34UV 
 
 
 
 
34OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.5 min
9.9 min
18.8 min
28.4 min
37.8 min
46.5 min
56.5 min
66.7 min
76.7 min
86.4 min
97.0 min
106.8 min
116.5 min
126.7 min
136.5 min
146.5 min
156.6 min
171.6 min
187.0 min
201.5 min
216.4 min
232.0 min
246.5 min
262.2 min
277.3 min
296.6 min
316.9 min
337.6 min
360.2 min
Time (hr)
0 1 2 3 4 5 6 7
C
on
ce
nt
ra
tio
n 
(m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
NH2Cl (exp)
NHBrCl (exp)
NH2Cl (sim)
NHBrCl (sim) 
NH2Br (sim) 
NHBr2 (sim) 
Br2 (sim) 
NBr2Cl (sim) 
151 
 
 
35UV 
 
 
 
 
35OX 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.7 min
7.5 min
16.6 min
25.7 min
34.8 min
45.7 min
55.5 min
64.7 min
74.2 min
84.0 min
95.2 min
103.7 min
113.3 min
123.7 min
133.5 min
143.2 min
153.5 min
163.4 min
176.3 min
190.9 min
206.7 min
221.6 min
236.5 min
251.3 min
266.1 min
286.1 min
306.6 min
325.9 min
346.5 min
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Appendix A.3.  Sample Scientist Code for Bromochloramine Formation and Decomposition 
Model 
 
// Micromath Scientist Model File 
// units of hr 
 
// 1:  NH2Cl + Br + H -->   Br2 + NH3 
// 3:  NH2Cl + Br2     -->  NHBrCl + Br + H 
// 10:  NH2Br + NHBr2 --> 
// 11:  NHBr2 + NHBr2 --> 
 
// 4:  NHBrCl + Br + H -->  NH2Br + Br2 
// 5:  NHBrCl + Br2   -->  NBr2Cl + Br 
// 6:  NH2Br + Br + H -->  Br2 + NH3 
// 7:  NHBrCl + NBr2Cl +OH -->  
// 8:  NHBrCl + NHBrCl + OH --> 
// 9:  NH2Br + Br2 --> NHBr2 + Br + H 
//12:  NH2Cl + NHBrCl --> 
 
IndVars: t 
DepVars: NH2Cl, NHBrCl, Br2, NH2Br, NBr2Cl, NHBr2 
Params: H 
 
k1 = (1.1708*10^9) 
k3 = (4.18*10^8)*3600 
k10 = (6.2*3600) + (83000*3600)*OH 
k11 = (8.9*3600) + (1400*3600)*HPO4 
k4 = 10^9.2 
k5 = 10^11.2 
k6 = (10^12.7)*H 
k7 = (10^16)*OH 
k8 = (10^10.6)*OH 
k9 = (10^14.8) 
k12 = 0 
 
r1 = k1*NH2Cl*Br*H 
r3 = k3*NH2Cl*Br2 
r4 = k4*NHBrCl*Br*H 
r5 = k5*NHBrCl*Br2 
r6 = k6*NH2Br*Br 
r7 = k7*NHBrCl*NBr2Cl 
r8 = k8*NHBrCl*NHBrCl 
r9 = k9*NH2Br*Br2 
r10 = k10*NH2Br*NHBr2 
r11 = k11*NHBr2*NHBr2 
r12 = k12*NH2Cl*NHBrCl 
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Ka1p = 10^(-2.16) 
Ka2p = 10^(-7.2) 
Ka3p = 10^(-12.35) 
denom = (H^3) + (H^2)*Ka1p + H*Ka1p*Ka2p + Ka1p*Ka2p*Ka3p 
H3PO4 = CtotalP*(H^3)/denom 
H2PO4 = CtotalP*(H^2)*Ka1p/denom 
HPO4 = CtotalP*H*Ka1p*Ka2p/denom 
PO4 = CtotalP*Ka1p*Ka2p*Ka3p/denom 
 
NH2Cl' = -r1 - r3 - r12 
NHBrCl' = r3 - r4 - r5 - r7 - 2*r8 - r12 
Br2' = r1 - r3 + r4 - r5 + r6 - r9 
NH2Br' = r4 - r6 - r9 - r10 
NBr2Cl' = r5 - r7 
NHBr2' = r9 - r10 - 2*r11 
 
t = 0 
NHBrCl = 0 
Br2 = 0 
NH2Br = 0 
NBr2Cl = 0 
NHBr2 = 0 
CtotalP = 0.01 
 
NH2Cl = 0.000210 
Br = 0.001 
H = 1.23*10^(-7) 
OH = 1.29*10^(-7) 
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Table B.1.  Molar absorptivities for species of interest  
Species Wavelength, λ (nm) Molar Absorptivity, ε (M-
1cm-1) 
Reference 
NH2Cl 243 457 This studya 
 294 15 This studya 
 320 7 This studya 
NHCl2 243 235 This studya 
 294 282 This studya 
 320 125 This studya 
NHBrCl 243 500 (20)b 
 294 145 (20)b 
 320 195 (20)b 
OCl- 292 350 (19) 
NH2Br 278 425 (12) 
NHBr2 232 2000 (12) 
HOBr 260 100 (21) 
OBr- 329 332 (21) 
Br2 390 175 (22) 
Br3- 266 40900 (22) 
a Determined by analysis of UV/Vis spectral data and concentration data obtained by the DPD 
titration method (28).  For comparison, literature (29) values are ε243nm, NH2Cl = 461 and ε294nm, 
NHCl2 = 272. 
b Values obtained from aqueous spectra of bromochloramine isolated by Gazda (20).  In 
literature, estimates of molar absorptivity have been made based on the values of dichloramine 
and dibromamine.  Literature (30) gives the estimated ε245nm, NHBrCl = 712 and ε320nm, NHBrCl = 300. 
 
 
 
Table B.2.  Calibration range and method detection limit for the d6-NDMA concentrations used 
[NDMA-d6], ng/L [NDMA] Calibration Range, ng/L Method Detection Limit, ng/L 
248 0 – 800 3 
1,000 0 – 3,000 10 
10,000 0 – 22,500 70 
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Table B.3.  Summary of experiments (T = 22 ± 2°C) 
Exp # Reactor pH0 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM)    
 
Effect of bromide in 10 mM phosphate buffer – 24 hour points 
40 2 5.98 
5.99 
0.19 0 0.0005 
 
   
102 1 0.20 0 0.0005 
 
   
105 1 5.98 0.19 0 0.0005 
 
   
107 11 5.99 0.18 0 0.0005 
 
   
114 1 5.99 0.20 0 0.0005 
 
   
108 7 6.32 0.18 0 0.0005    
108 9 6.62 0.18 0 0.0005    
43 2 6.99 0.19 0 0.0005    
90 2 6.97 0.19 0 0.0005    
102 3 6.98 0.20 0 0.0005    
104 9 6.98 0.19 0 0.0005    
105 4 6.98 0.20 0 0.0005    
113 12 6.98 0.19 0 0.0005    
119 1-6 6.98 0.19 0 0.0005    
60 2 8 0.19 0 0.0005    
89 4 8 0.19 0 0.0005    
102 7 7.99 0.20 0 0.0005    
106 11 8.01 0.19 0 0.0005    
113 9-10 8 0.20 0 0.0005    
115 2 7.99 0.19 0 0.0005    
118 2 7.99 0.20 0 0.0005    
120 19 8.01 0.19 0 0.0005    
44 2 8.98 0.19 0 0.0005    
102 9 9 0.20 0 0.0005    
104 11 9 0.19 0 0.0005    
105 9 9 0.19 0 0.0005    
114 3 8.99 0.20 0 0.0005    
         
102 2 5.99 0.20 0.4 0.0005    
105 2 5.98 0.19 0.4 0.0005    
107 12 5.98 0.18 0.4 0.0005    
114 2 5.99 0.20 0.4 0.0005    
108 8 6.31 0.18 0.4 0.0005    
108 10 6.62 0.18 0.4 0.0005    
63 2 6.98 0.19 0.4 0.0005    
102 5 6.99 0.20 0.4 0.0005    
104 10 6.98 0.19 0.4 0.0005    
105 5 6.98 0.20 0.4 0.0005    
113 13 6.99 0.19 0.4 0.0005    
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Table B.3 (cont.) 
 
Exp # Reactor pH0 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM) 
   
         
119 8-12 6.99 0.19 0.4 0.0005    
64 2 7.98 0.19 0.4 0.0005    
87 2 7.98 0.19 0.4 0.0005    
102 8 8 0.20 0.4 0.0005    
106 12 7.99 0.19 0.4 0.0005    
113 11 7.99 0.20 0.4 0.0005    
118 3 7.99 0.20 0.4 0.0005    
65 2 8.99 
9 
0.18 0.4 0.0005    
102 11 0.20 0.4 0.0005    
104 12 9 0.19 0.4 0.0005    
105 10 9 0.19 0.4 0.0005    
114 4 9 0.20 0.4 0.0005    
         
         
Effect of bromide in 4 mM carbonate buffer – 24 hour points 
104 1 6.04 0.19 0 0.0005    
106 2 5.99 0.19 0 0.0005    
107 2 5.99 0.19 0 0.0005    
108 2 6.34 0.19 0 0.0005    
108 4 6.62 0.18 0 0.0005    
104 3 7.06 0.19 0 0.0005    
106 4 6.99 0.19 0 0.0005    
107 4 7.01 0.18 0 0.0005    
104 5 8.01 0.19 0 0.0005    
106 6 7.99 0.19 0 0.0005    
107 6 7.98 0.19 0 0.0005    
104 7 9 0.19 0 0.0005    
106 8 9 0.19 0 0.0005    
107 8 9 0.19 0 0.0005    
         
104 2 5.96  0.4 0.0005    
106 3 5.99 0.18 0.4 0.0005    
107 3 6.01 0.18 0.4 0.0005    
108 3 6.3 0.18 0.4 0.0005    
108 5 6.6 0.18 0.4 0.0005    
104 4 7.08 0.19 0.4 0.0005    
106 5 7 0.19 0.4 0.0005    
107 5 7 0.19 0.4 0.0005    
104 6 7.98 0.19 0.4 0.0005    
106 7 8 0.19 0.4 0.0005    
107 7 8 0.18 0.4 0.0005    
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Table B.3 (cont.) 
 
Exp # Reactor pH0 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM) 
   
         
104 8 8.98 0.18 0.4 0.0005    
106 9 8.99 0.19 0.4 0.0005    
107 9 8.99 0.19 0.4 0.0005    
         
         
Exp # Reactor pH0 [NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM) 
[NH2Cl],
 (mM) 
[NH2Cl],0 
(mM) 
 
         
Effect of bromamines – kinetic points 
42 1-7 9 0.19 0 0.0005    
98 1-8 9 0.20 0 0.0005    
39 1-7 8.98 0.19 1 0.0005    
100 1-8 8.98 0.19 1 0.0005    
95 1-10 8.98   0.0005 0.07 0.02  
26 1-6 9.3 0.13 1 0.005    
26 7-12 9.27   0.005 0.07 0.02  
28 1-6 8.97 0.17 0 0.025    
28 7-12 8.98 0.16 1 0.025    
24 1-6 9.13   0.025 0.09 0.03  
         
         
Exp # Reactor pH0 X 
[X],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM)    
         
Effect of active bromine species 
96 10 8.98 OBr-  0.13  0.0005   
108 11 6.01 Br2  0.2  0.0005   
108 12 9.01 Br2 0.2  0.0005   
113 16 6 Br2 0.2 0.4 0.0005   
113 17 6.97 Br2 0.2 0.4 0.0005   
113 18 7.99 Br2 0.2 0.4 0.0005   
113 19 9 Br2 0.2 0.4 0.0005   
113 21 6 BrO3- 0.2  0.0005   
113 22 6.99 BrO3- 0.2  0.0005   
113 23 8 BrO3- 0.2  0.0005   
113 24 9 BrO3- 0.2  0.0005   
118 9 5.99 Br3- 0.2  0.0005   
118 10 6.98 Br3- 0.2  0.0005   
118 11 7.99 Br3- 0.2  0.0005   
118 12 9.00 Br3- 0.2  0.0005   
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Table B.3 (cont.) 
 
  Day 0 Day 0  After Pre-form   
Exp # Reactor  pH0 
[NH2Cl],0 
(mM) 
Pre-form 
Time 
(hr) 
pH [NH2Cl] (mM)  
[Br-],0 
(mM) 
[DMA],0 
(mM) 
         
Effect of pre-form 
109 1-8 8 0.19 144 7.97 0.19 0 0.0005 
110 1-8 8 0.19 144 7.91  0.4 0.0005 
111 1-8 8 0.19 144 7  0.4 0.0005 
113 2 7.99 0.19 95 8.06 0.18 0 0.0005 
113 3 7.99 0.19 95 7.99 0.19 0 0.0005 
113 5 7.98 0.20 95 7.91  0.4 0.0005 
113 6 8 0.20 95 7.98  0.4 0.0005 
113 7 7.99 0.20 95 7.04  0.4 0.0005 
113 8 8 0.20 95 7.04  0.4 0.0005 
118 4 7.98 0.20 48 7.99 0.19 0  
118 5 7.98 0.20 96 7.98 0.19 0  
118 6 7.99 0.20 96 7.99  0.4  
118 7 7.99 0.20 96 8.00  0.4*  
120 1 5.99 0.19 96 6.00 0.06 0  
120 2 5.98 0.19 96 6.01  0.4  
120 3 5.99 0.19 96 6.00  0.4*  
120 4 6.98 0.19 96 7.00 0.14 0  
120 5 6.99 0.19 96 7.00  0.4  
120 6 6.98 0.19 96 7.01  0.4*  
120 7 8.02 0.19 96 8.01 0.18 0  
120 8 8.01 0.19 96 8.00  0.04  
120 9 8.01 0.19 96 8.01  0.04*  
120 10 8.01 0.19 96 7.98  0.1  
120 11 8.01 0.19 96 8.02  0.1*  
120 12 8 0.19 96 7.98  0.2  
120 13 8 0.19 96 7.98  0.2*  
120 15 9 0.19 96 8.98 0.18 0  
120 16 9 0.19 96 8.98  0.4  
120 17 9 0.19 96 8.98  0.4*  
      * = Br added at 96 hr 
         
Exp # Reactor pH0 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM)    
         
UV absorbance data showing appearance of unknown compound 
71 1-7 6 0.18 0.2 0.0005    
80 1-7 8 0.19 0.2 0.0005    
86 1-8 8 0.19 0.2 0.0005    
  
 
 
F
b
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igure B.1.  Reaction scheme showing the various simultaneous reactions leading to 
romochloramine and tribromide ion formation (17-23). 
 
195 
 
Appendix B.2.  Calibration Curves for d6-NDMA Concentrations  
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(a) d6-NDMA = 248 ng/L
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Table C.1.  List of NDMA kinetic experiments 
 
Exp # Reactor pH0 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM) 
tf 
(hr) 
       
48 
 
1-7 5.97 0.19 0 0.0005 10 
40 1-8 5.94 0.19 0 0.0005 168 
54 1-7 5.95 0.19 0.04 0.0005 10 
52 1-8 5.96 0.19 0.04 0.0005 168 
71 1-7 5.96 0.18 0.2 0.0005 10 
74 1-8 5.95 0.18 0.2 0.0005 168 
49 1-7 5.96 0.18 1 0.0005 10 
46 1-8 5.96 0.18 1 0.0005 168 
       
41 1-7 6.96 0.19 0 0.0005 10 
43 1-8 6.96 0.18 0 0.0005 168 
90 1-8 6.96 0.19 0 0.0005 168 
55 1-7 6.95 0.19 0.04 0.0005 10 
51 1-8 6.96 0.19 0.04 0.0005 168 
91 2-8 6.98 0.19 0.04 0.0005 168 
77 1-7 6.95 0.19 0.1 0.0005 10 
83 1-8 6.96 0.20 0.1 0.0005 168 
92 2-8 6.98 0.19 0.1 0.0005 168 
78 1-7 6.95 0.19 0.2 0.0005 10 
84 1-8 6.96 0.20 0.2 0.0005 168 
93 2-8 6.99 0.19 0.2 0.0005 168 
67 1-7 6.96 0.19 0.4 0.0005 10 
63 1-8 6.96 0.19 0.4 0.0005 168 
45 1-7 6.96 0.19 1 0.0005 10 
47 1-8 6.96 0.19 1 0.0005 168 
       
57 1-7 7.95 0.19 0 0.0005 10 
89 4 7.94 0.19 0 0.0005 24 
60 1-8 7.95 0.19 0 0.0005 168 
115 1-8 7.95 0.19 0 0.0005 168 
58 1-7 7.94 0.19 0.04 0.0005 10 
89 5 7.94 0.19 0.04 0.0005 24 
61 1-8 7.93 0.19 0.04 0.0005 168 
116 2-8 7.95 0.19 0.04 0.0005 168 
79 1-7 7.94 0.20 0.1 0.0005 10 
85 1-8 7.95 0.20 0.1 0.0005 168 
80 1-7 7.95 0.19 0.2 0.0005 10 
89 1 7.94 0.19 0.2 0.0005 10 
86 1-8 7.95 0.19 0.2 0.0005 168 
117 2-8 7.94 0.19 0.2 0.0005 168 
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Table C.1 (cont.) 
 
Exp # Reactor pH0 
[NH2Cl],0 
(mM) 
[Br-],0 
(mM) 
[DMA],0 
(mM) 
tf 
(hr) 
       
68 1-7 7.94 0.18 0.4 0.0005 10 
81 1-7 7.95 0.19 0.4 0.0005 10 
89 2 7.94 0.19 0.4 0.0005 10 
64 1-8 7.93 0.18 0.4 0.0005 168 
87 1-8 7.94 0.19 0.4 0.0005 168 
59 1-7 7.94 0.20 1 0.0005 10 
82 1-7 7.96 0.19 1 0.0005 10 
89 3 7.94 0.19 1 0.0005 10 
62 1-8 7.93 0.19 1 0.0005 168 
88 1-8 7.95 0.19 1 0.0005 168 
       
98 1-8 8.93 0.20 0 0.0005 1 
42 1-7 8.95 0.19 0 0.0005 10 
44 1-8 8.93 0.19 0 0.0005 168 
53 1-7 8.95 0.18 0.04 0.0005 10 
50 1-8 8.95 0.19 0.04 0.0005 168 
72 1-7 8.94 0.18 0.1 0.0005 10 
75 1-8 8.95 0.19 0.1 0.0005 168 
99 1-8 8.93 0.18 0.2 0.0005 1 
73 1-7 8.93 0.18 0.2 0.0005 10 
76 1-8 8.96 0.18 0.2 0.0005 168 
69 1-7 8.93 0.18 0.4 0.0005 10 
65 1-8 8.94 0.18 0.4 0.0005 168 
100 1-8 8.93 0.19 1 0.0005 1 
39 1-7 8.95 0.19 1 0.0005 10 
37 1-8 8.95 0.19 1 0.0005 168 
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Appendix C.2.  Results of UV Spectrometry Data Corresponding to NDMA Formation 
Experiments 
 
Note: Each experiment contains two figures: (left) unprocessed UV absorbance data; and (right) 
oxidant concentrations along with NDMA formation 
 
 
 
37 
 
 
 
 
 
 
 
 
 
 
 
 
39 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12 0 hr
3.5 hr
6.7 hr
24.0 hr
31.5 hr
48.0 hr
53.8 hr
72.2 hr
96.0 hr
119.9 hr
144.0 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
6.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
2000
4000
6000
8000
10000
12000
14000
NH2Cl
NHBrCl 
NDMA 
201 
 
 
 
 
40 
 
 
 
 
 
 
 
 
 
 
 
 
41 
 
 
 
 
 
 
 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0 hr
0.1 hr
2.5 hr
4.4 hr
6.5 hr
7.9 hr
24.0 hr
48.1 hr
72.0 hr
96.0 hr
120.2 hr
144.2 hr
168.3 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
10
20
30
40
50
NH2Cl
NHCl2 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.6 hr
1.0 hr
2.0 hr
4.0 hr
6.0 hr
10.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
10
20
30
40
50
60
70
NH2Cl
NHCl2 
NDMA 
202 
 
 
 
 
42 
 
 
 
 
 
 
 
 
 
 
 
 
43 
 
 
 
 
 
 
 
 
 
 
  
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
0.6 hr
0.6 hr
1.0 hr
3.0 hr
5.7 hr
Time (hr)
0 2 4 6 8 10
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
3500
NH2Cl
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.0 hr
48.1 hr
72.2 hr
95.6 hr
120.0 hr
144.3 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
100
200
300
400
500
NH2Cl
NHCl2 
NDMA 
203 
 
 
 
 
44 
 
 
 
 
 
 
 
 
 
 
 
 
45 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.0 hr
47.3 hr
71.8 hr
95.9 hr
120.0 hr
144.2 hr
167.4 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
NH2Cl
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0 hr
0.2 hr
0.5 hr
1.0 hr
1.5 hr
2.0 hr
2.5 hr
3.2 hr
4.0 hr
4.4 hr
5.2 hr
6.0 hr
10.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
10
20
30
40
50
60
NH2Cl
NHBrCl 
NDMA 
204 
 
 
 
 
46 
 
 
 
 
 
 
 
 
 
 
 
 
47 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.01 hr
0.1 hr
0.2 hr
0.4 hr
0.5 hr
0.6 hr
0.8 hr
0.9 hr
1.3 hr
1.8 hr
24.1 hr
47.4 hr
71.8 hr
95.7 hr
119.8 hr
143.9 hr
167.9 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2
4
6
8
10
12
14NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
23.9 hr
48.1 hr
72.0 hr
96.1 hr
120.2 hr
144.3 hr
168.3 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
10
20
30
40
50
60
70
NH2Cl
NHBrCl 
NDMA 
205 
 
 
 
 
48 
 
 
 
 
 
 
 
 
 
 
 
 
 
49 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.5 hr
1 hr
1.5 hr
2 hr
3.3 hr
6.1 hr
10.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
2
4
6
8
10
NH2Cl
NHCl2 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.04 hr
0.2 hr
0.4 hr
0.5 hr
0.7 hr
1.0 hr
1.5 hr
2.0 hr
6.0 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2
4
6
8
10
12
14NH2Cl
NHBrCl 
NDMA 
206 
 
 
 
 
50 
 
 
 
 
 
 
 
 
 
 
 
 
51 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0 hr
0.5 hr
1.6 hr
2.6 hr
6.2 hr
24.0 hr
48.1 hr
71.9 hr
96.1 hr
120.0 hr
144.1 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
6000
7000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.4 hr
1.0 hr
1.5 hr
2.5 hr
6.1 hr
24.1 hr
48.1 hr
71.9 hr
96.1 hr
120.0 hr
144.1 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
50
100
150
200
250
300
350
NH2Cl
NHBrCl 
NDMA 
207 
 
 
 
 
52 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0 hr
0.05 hr
0.2 hr
0.5 hr
0.9 hr
1.4 hr
2.4 hr
6.0 hr
24.1 hr
48.1 hr
71.9 hr
96.1 hr
120.0 hr
144.1 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2
4
6
8
10
12
14NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
4.1 hr
5.0 hr
6.0 hr
8.0 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
6000
NH2Cl
NHBrCl 
NDMA 
208 
 
 
 
 
54 
 
 
 
 
 
 
 
 
 
 
 
 
55 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10 0 hr
0.5 hr
1.0 hr
1.5 hr
2.0 hr
2.5 hr
3.0 hr
3.4 hr
4.0 hr
4.5 hr
5.0 hr
5.3 hr
6.1 hr
7.0 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
2
4
6
8
10
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.5 hr
1.1 hr
2.0 hr
3.0 hr
4.0 hr
5.0 hr
6.1 hr
7.1 hr
10.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
20
40
60
80
100
NH2Cl
NHBrCl 
NDMA 
209 
 
 
 
 
57 
 
 
 
 
 
 
 
 
 
 
 
 
58 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
2.1 hr
3.0 hr
4.0 hr
5.0 hr
6.1 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
200
400
600
800
1000
1200
1400
NH2Cl
NHCl2 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
2.0 hr
3.0 hr
4.0 hr
5.0 hr
6.1 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
200
400
600
800
1000
1200
1400
1600
NH2Cl
NHBrCl
NDMA 
210 
 
 
 
 
59 
 
 
 
 
 
 
 
 
 
 
 
 
60 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.1 hr
2.0 hr
3.0 hr
4.0 hr
5.0 hr
6.1 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
3.2 hr
24.2 hr
48.1 hr
71.9 hr
96.3 hr
120.0 hr
144.2 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
NH2Cl
NHCl2
NDMA 
211 
 
 
 
 
61 
 
 
 
 
 
 
 
 
 
 
 
 
62 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
3.2 hr
24.1 hr
48.1 hr
72.0 hr
96.3 hr
120.0 hr
144.1 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 hr
3.2 hr
24.1 hr
48.0 hr
71.9 hr
96.3 hr
119.9 hr
144.1 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
NH2Cl
NHBrCl 
NDMA 
212 
 
 
 
 
63 
 
 
 
 
 
 
 
 
 
 
 
 
64 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.1 hr
48.0 hr
72.2 hr
96.2 hr
119.9 hr
144.3 hr
168.1 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
20
40
60
80
100
120
140
160
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0 hr
24.0 hr
48.0 hr
72.2 hr
96.2 hr
119.9 hr
144.2 hr
168.1 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
6000
NH2Cl
NHBrCl 
NDMA 
213 
 
 
 
 
65 
 
 
 
 
 
 
 
 
 
 
 
 
67 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 hr
24.0 hr
48.1 hr
72.2 hr
96.1 hr
119.8 hr
144.2 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2000
4000
6000
8000
10000
12000
14000
16000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.7 hr
1.0 hr
1.6 hr
2.0 hr
3.0 hr
4.0 hr
5.0 hr
6.0 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
10
20
30
40
50
60
NH2Cl
NHBrCl 
NDMA 
214 
 
 
 
 
68 
 
 
 
 
 
 
 
 
 
 
 
 
69 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
2.0 hr
3.0 hr
4.0 hr
5.0 hr
6.0 hr
10.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
3500
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
2.0 hr
3.0 hr
4.0 hr
5.0 hr
6.0 hr
10.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2000
4000
6000
8000
10000
12000
NH2Cl
NHBrCl 
NDMA 
215 
 
 
 
 
71 
 
 
 
 
 
 
 
 
 
 
 
 
72 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.5 hr
1.0 hr
1.5 hr
2.0 hr
6.0 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2
4
6
8
10
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
6.0 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
6000
7000
NH2Cl
NHBrCl 
NDMA 
216 
 
 
 
 
73 
 
 
 
 
 
 
 
 
 
 
 
 
74 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
6.0 hr
10.0 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2000
4000
6000
8000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.6 hr
48.3 hr
72.1 hr
96.2 hr
120.1 hr
144.1 hr
168.1 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2
4
6
8
10
NH2Cl
NHBrCl 
NDMA 
217 
 
 
 
 
75 
 
 
 
 
 
 
 
 
 
 
 
 
76 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.1 hr
24.6 hr
48.3 hr
72.1 hr
96.2 hr
120.1 hr
144.1 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2000
4000
6000
8000
10000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.6 hr
48.3 hr
72.1 hr
96.2 hr
144.1 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
2000
4000
6000
8000
10000
12000
NH2Cl
NHBrCl 
NDMA 
218 
 
 
 
 
77 
 
 
 
 
 
 
 
 
 
 
 
 
78 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.6 hr
1.0 hr
2.0 hr
4.0 hr
6.0 hr
10.2 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
20
40
60
80
100
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.4 hr
1.0 hr
2.0 hr
4.0 hr
6.1 hr
10.2 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
20
40
60
80
100
NH2Cl
NHBrCl 
NDMA 
219 
 
 
 
 
79 
 
 
 
 
 
 
 
 
 
 
 
 
80 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
6.1 hr
10.2 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
6.1 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
3500
NH2Cl
NHBrCl 
NDMA 
220 
 
 
 
 
81 
 
 
 
 
 
 
 
 
 
 
 
 
82 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
5.9 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
3500
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.2 hr
0.5 hr
1.0 hr
3.0 hr
6.0 hr
10.1 hr
Time (hr)
0 2 4 6 8 10 12
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
3500
NH2Cl
NHBrCl 
NDMA 
221 
 
 
 
 
83 
 
 
 
 
 
 
 
 
 
 
 
 
84 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.2 hr
48.2 hr
72.1 hr
96.3 hr
120.2 hr
144.2 hr
168.3 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
100
200
300
400
500
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.2 hr
48.2 hr
72.1 hr
96.3 hr
120.2 hr
144.2 hr
168.2 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
50
100
150
200
250
300
NH2Cl
NHBrCl 
NDMA 
222 
 
 
 
 
85 
 
 
 
 
 
 
 
 
 
 
 
 
86 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 hr
24.3 hr
48.1 hr
72.1 hr
96.2 hr
120.1 hr
144.1 hr
168.2 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0 hr
24.1 hr
48.1 hr
72.2 hr
96.2 hr
120.2 hr
144.2 hr
168.1 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
NH2Cl
NHBrCl 
NDMA 
223 
 
 
 
 
87 
 
 
 
 
 
 
 
 
 
 
 
 
88 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0 hr
24.1 hr
48.1 hr
72.2 hr
96.2 hr
120.1 hr
144.2 hr
168.1 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
6000
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0 hr
24.0 hr
48.1 hr
72.2 hr
96.2 hr
120.1 hr
144.2 hr
168.1 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
NH2Cl
NHBrCl 
NDMA 
224 
 
 
 
 
89 
 
 
 
 
 
 
 
 
 
 
 
 
90 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
R1 - [Br-] = 0.2 mM, 10.3 hr
R2 - [Br-] = 0.4 mM, 10.3 hr
R3 - [Br-] = 1 mM, 10.3 hr
R4 - [Br-] = 0 mM, 24.2 hr
R5 - [Br-] = 0.04 mM, 24.3 hr
Time (hr)
0 5 10 15 20 25 30
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
R4 - [Br-] = 0 mM, NH2Cl
R1 - [Br-] = 0.2 mM, NDMA 
R2 - [Br-] = 0.4 mM, NDMA
R3 - [Br-] = 1 mM, NDMA
R4 - [Br-] = 0 mM, NDMA
R5 - [Br-] = 0.04 mM, NDMA
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.3 hr
48.1 hr
72.3 hr
96.4 hr
120.1 hr
144.2 hr
168.4 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
100
200
300
400
500
NH2Cl
NHCl2 
NDMA 
225 
 
 
 
 
91 
 
 
 
 
 
 
 
 
 
 
 
 
92 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.3 hr
48.1 hr
72.3 hr
96.4 hr
120.1 hr
144.2 hr
168.4 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
100
200
300
400
500
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.3 hr
48.1 hr
72.3 hr
96.4 hr
120.1 hr
144.2 hr
168.3 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
100
200
300
400
500
NH2Cl
NHBrCl 
NDMA 
226 
 
 
 
 
93 
 
 
 
 
 
 
 
 
 
 
 
 
98 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.3 hr
48.1 hr
72.3 hr
96.3 hr
120.1 hr
144.2 hr
168.3 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
50
100
150
200
250
300
350
NH2Cl
NHBrCl 
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.1 hr
0.2 hr
0.4 hr
0.5 hr
0.6 hr
0.8 hr
1.0 hr
Time (hr)
0.0 0.2 0.4 0.6 0.8 1.0 1.2
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
3000
3500
NH2Cl
NDMA 
227 
 
 
 
 
99 
 
 
 
 
 
 
 
 
 
 
 
 
100 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.1 hr
0.2 hr
0.3 hr
0.5 hr
0.6 hr
0.8 hr
1.0 hr
Time (hr)
0.0 0.2 0.4 0.6 0.8 1.0 1.2
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
NH2Cl
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
0.1 hr
0.2 hr
0.3 hr
0.5 hr
0.6 hr
1.0 hr
Time (hr)
0.0 0.2 0.4 0.6 0.8 1.0 1.2
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
0.25
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
NH2Cl
NDMA 
228 
 
 
 
 
115 
 
 
 
 
 
 
 
 
 
 
 
 
116 
 
 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.0 hr
48.0 hr
72.1 hr
96.0 hr
120.0 hr
143.9 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
200
400
600
800
1000
1200
1400
1600
NH2Cl
NHCl2
NDMA 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0 hr
24.0 hr
48.0 hr
72.4 hr
96.0 hr
120.0 hr
143.9 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
500
1000
1500
2000
2500
NH2Cl
NHBrCl
NDMA 
229 
 
 
 
 
117 
 
 
 
 
 
 
 
 
 
 
Wavelength (nm)
200 250 300 350 400
A
bs
or
ba
nc
e
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0 hr
24.0 hr
48.0 hr
72.1 hr
96.0 hr
120.0 hr
143.9 hr
168.0 hr
Time (hr)
0 20 40 60 80 100 120 140 160 180
[O
xi
da
nt
] (
m
M
)
0.00
0.05
0.10
0.15
0.20
[N
D
M
A
] (ng/L
)
0
1000
2000
3000
4000
5000
NH2Cl
NHBrCl
NDMA 
